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La scoliose est une déformation tridimensionnelle de la colonne vertébrale dont l’étiologie 
reste encore à élucider. Il est généralement admis que la progression de la déformation 
scoliotique pédiatrique est liée au principe d’Hueter-Volkmann qui stipule une réduction 
de la croissance suite à des contraintes en compression excessives au niveau de la 
concavité de la courbure scoliotique vs. sa convexité. Les stratégies de traitement des 
courbures sont difficiles, surtout chez les jeunes enfants. Typiquement, une intervention 
chirurgicale avec une instrumentation rachidienne accompagnée d’une arthrodèse 
segmentaire est nécessaire pour des courbures progressant au-delà de 40° d’angle de 
Cobb.  
De nouveaux dispositifs visent à manipuler la croissance vertébrale en exploitant le 
principe d’Hueter-Volkmann pour contrôler la progression de et corriger la courbure. Ces 
implants sans fusion exploitent la croissance vertébrale résiduelle en manipulant des 
gradients de croissance pour localement inverser la cunéiformisation vertébrale et, au fil 
du temps, réaligner la colonne vertébrale globalement. Des essais cliniques ont démontré 
une correction prometteuse pour les courbures généralement inférieures à 45°; 
cependant, les dispositifs actuels chevauchent l’espace du disque intervertébral et le 
compriment augmentant les risques de dégénérescence du disque à long terme. Par 
ailleurs, les implants nouvellement conçus sont généralement testés en utilisant des 
modèles animaux équivalents pour évaluer leur efficacité à corriger des déformations par 
l'intermédiaire de l’approche inverse (création d'une déformation) ou l’approche à 2-
étapes (création d'une déformation suivie d’une correction). Néanmoins, une plate-forme 
de conception efficace est nécessaire pour évaluer la manipulation de la croissance à 
court et long termes par de nouveaux implants et de raccourcir le transfert de 
connaissances vers des applications cliniques. 
L’objectif général de cette thèse était de développer et de vérifier un modèle par éléments 
finis porcin (MEFp) unique en tant qu’une plateforme alternative pour la simulation de 
scolioses expérimentales progressives et des implants sans fusion, et d’évaluer un nouvel 
implant double-épiphysaire local ne chevauchant pas l’espace du disque sur des porcs 
immatures. Ainsi, les objectifs spécifiques suivants ont été complétés : 1) développer et 
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vérifier un MEFp du rachis et de la cage thoracique, 2) développer et tester, in vivo, un 
implant double-épiphysaire incluant un mécanisme d’expansion spécifique, 3) exploiter le 
MEFp pour investiguer les différences entre les approches inverse et à 2-étapes 
couramment utilisés pour tester les nouveaux implants sans fusion, 4) exploiter le MEFp 
pour évaluer la contribution biomécanique de la cage thoracique et son rôle dans 
l’instrumentation sans fusion.  
Dans le contexte de cette thèse, les objectifs spécifiques ont été proposés pour vérifier 
les hypothèses de recherche suivantes : 1) un modèle par éléments finis de la colonne 
vertébrale porcine, incluant la croissance épiphysaire et la cage thoracique, peut 
représenter le comportement biomécanique et la modulation de la croissance des 
implants sans fusion avec un angle de Cobb simulé à moins de 5°, une cunéiformisation 
vertébrale à moins de 2°, et une rotation axiale apicale à moins de 3° de leurs valeurs 
réelles, 2) moduler la croissance des plaques épiphysaires supérieures et inférieures 
simultanément avec un implant local ne chevauchant pas l'espace du disque 
intervertébral peut augmenter, d’au moins deux fois, l’angle de Cobb progressif et la 
cunéiformisation vertébrale comparé à une instrumentation locale sur une seule plaque 
3) l'impact des implants sans fusion en chirurgie expérimentale est moins important par 
l'intermédiaire de l’approche à 2-étapes comparé à l’approche inverse, 4) la contribution 
biomécanique de la cage thoracique se manifeste par une augmentation de la rigidité 
thoracique menant à une réduction de l’impact des implants sans fusion suite à un 
changement dans la distribution des contraintes sur les plaques de croissance. 
Un modèle par éléments finis paramétrique de la colonne vertébrale osséo-ligamentaire 
et de la cage thoracique porcine a été développé en utilisant des données 
morphométriques publiées et mesurées à l’interne. Une charge de type “Follower Load” 
a reproduit les forces physiologiques et la gravité. La croissance vertébrale et sa 
modulation ont été programmées selon le principe de Hueter-Volkmann, stipulant une 
réduction/augmentation de la croissance suite à un accroissement/réduction des 
contraintes en compression. Un modèle in vivo porcin bien-établi a été simulé pour vérifier 
la reproduction de scoliose progressive. Ainsi, la création d'une déformation suite à 
l'insertion d'un ligament postérieur longitudinal (8 niveaux) combiné avec un tethering ipsi-
latéral des côtes (5 niveaux) a été simulé sur 10 semaines de croissance. 
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Subséquemment, une correction via un tether installé latéralement sur la vertèbre apicale 
± 2 niveaux et visant à corriger l’aspect tridimensionnel de la courbure a été simulé sur 
20 semaines supplémentaires. Une étape de vérification supplémentaire a été effectuée 
en simulant l’induction d’une déformation par un « hemi-staple » et une agrafe rigide sur 
12 et 8 semaines, respectivement. L’angle de Cobb simulé, la cunéiformisation vertébrale, 
et la rotation axiale étaient à moins de 5°, 2°, et 3° de leurs valeurs réelles, 
respectivement. De plus, les simulations comparatives ont démontré que l'approche à 2 
étapes était la mieux adaptée pour évaluer les nouveaux implants sans fusion puisque le 
comportement biomécanique de la colonne vertébrale déformée imitait les 
comportements attendus d’une colonne scoliotique sous instrumentation sans fusion. En 
outre, les simulations comparatives ont également montré l'importante contribution 
biomécanique de la cage thoracique en chirurgie sans fusion puisqu’elle augmente la 
rigidité de la région thoracique, et donc son omission en simulation numérique entraine 
une exagération des contraintes au niveau des plaques de croissance, et par la suite une 
augmentation de l’effet à long-terme de l’implant simulé.  
Suite à une revue de la littérature et des essais numériques effectués sur le MEFp, un 
nouveau dispositif sans fusion a été conçu à partir d’un implant épiphysaire breveté au 
sein de notre équipe. Il s’agit d’une agrafe double-épiphysaire, qui agit localement sur les 
plaques de croissance épiphysaires proximales et distales sans chevaucher l'espace du 
disque intervertébral. L'implant se compose de deux parties distinctes, une pièce 
supérieure et une inférieure, tenues ensemble par un outil et un mécanisme d'expansion 
spécialisé, permettant de régler la hauteur de l’implant en intra-opératoire pour satisfaire 
des morphologies vertébrales diverses. 
Un essai expérimental in vivo a été réalisé en utilisant 7 porcs femelles immatures 
(instrumentées) et 4 porcs contrôles. Le dispositif a été inséré localement sur les vertèbres 
T7-T9. La croissance vertébrale et les changements subis par la colonne vertébrale ont 
été suivis pendant 3 mois. Des radiographies mensuelles ont été acquises pour évaluer 
la courbure induite, la cunéiformisation vertébrale et la différence de hauteur vertébrale 
entre les côtés concave/convexe. L’angle de Cobb final mesuré entre T7-T9 était de 
25.0°±4.2° avec aucun changement significatif dans le plan sagittal. La cunéiformisation 
vertébrale (18.2°±2.7°) a été constamment plus élevée à T9, avec 45.4° de 
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cunéiformisation vertébrale cumulative, démontrant un phénomène de cunéiformisation 
discale inverse. Un arrêt de la croissance complet a été atteint avec une différence de 
hauteur vertébrale de 3.9±1.0 mm, moins importante du côté de l’implant. Les indices 
cliniques mesurés étaient significativement plus élevés que leurs équivalents contrôles, à 
l’exception de l’angle sagittal. En outre, des échantillons de régions instrumentées ont été 
acquis pour l'imagerie μ-CT. Des observations préliminaires des coupes µ-CT ont indiqué 
une perte d’os du côté de l’instrumentation dans 3/7 cas suggérant un phénomène de 
"stress-shielding" de l’os sous-jacent l’implant et la présence de croissance périphérique 
des vertèbres. Des analyses complémentaires sont nécessaires pour confirmer ces 
observations.  
Suite à ce travail de thèse, plusieurs aspects peuvent être mis en évidence pour 
l'avancement de chirurgies expérimentales et des implants sans fusion. Le MEFp unique 
était capable de simuler la scoliose progressive d’un modèle de scoliose in vivo bien 
établi, a reproduit l’effet sur la croissance de deux implants sans fusion, a souligné 
l'importante différence entre les approches inverses et à 2 étapes utilisées pour les essais 
expérimentaux des implants sans fusion, et a souligné la contribution biomécanique de la 
cage thoracique en chirurgie sans fusion. Le modèle développé pourra être exploité pour 
simuler différentes approches de création d’un modèle de scoliose progressive. 
Finalement, le nouveau modèle par éléments finis porcin a établi une plateforme 
alternative pour concevoir et tester de nouveaux implants manipulant la croissance 
vertébrale avant de procéder à des essais expérimentaux finaux et le transfert des 
connaissances acquises à des applications cliniques humaines. Enfin, l’agrafe double-
épiphysaire a démontré des résultats expérimentaux prometteurs, pouvant être transférés 
pour le traitement de la scoliose dans une colonne en pleine croissance. En outre, 
l'analyse histologique permettra de vérifier l'état de santé du disque et de la sécurité en 




Scoliosis is a complex three-dimensional deformity of the spine whose etiology is yet to 
be elucidated. The pathomechanism of scoliosis progression is believed to be linked to 
the Hueter-Volkmann principle, by which growth is reduced due to increased growth plate 
compression, with the inverse also valid. Treatment strategies are challenging, especially 
in young children. Curves progressing beyond 40° Cobb angle are typically treated via 
invasive surgical interventions requiring spinal instrumentation accompanied by 
segmental spinal arthrodesis, impairing spinal mobility. 
New devices aim at manipulating vertebral growth by exploiting the Hueter-Volkmann 
principle to control curvature progression. These fusionless implants harness remaining 
vertebral growth by manipulating growth gradients to reverse vertebral wedging locally 
and, over time, globally realign the spine. Clinical trials have demonstrated promising 
deformity correction for curves generally below 45°; however, current devices bridge the 
intervertebral disc gap and predominantly compress the disc increasing the risks of long-
term disc degeneration. Moreover, in a time-consuming manner, newly designed implants 
are commonly tested using equivalent animal models to assess their efficacy in correcting 
spinal deformities via the inverse (creation of a deformity) or the 2-step approaches 
(creation of a deformity followed by its subsequent correction). Nevertheless, a solid 
design platform is required to evaluate the short- and long-term growth manipulating 
efficacy of new implant designs and shorten knowledge transfer to clinical applications.  
The general objective of this thesis was to develop and verify a unique porcine spine finite 
element model (pFEM) as an alternative testing platform for the simulation of progressive 
experimental scoliosis and fusionless implants, and assess a new localized dual-
epiphyseal implant on immature pigs. Thus, specific objectives were devised as follows: 
1) develop and verify a distinctive pFEM  of the spine and ribcage, 2) develop and test, in 
vivo, a dual-epiphyseal implant incorporating a custom expansion mechanism, 3) exploit 
the developed pFEM to investigate differences between the inverse and 2-step fusionless 
implant testing approaches, and 4) exploit the pFEM to evaluate the biomechanical 
contribution of the ribcage in fusionless scoliosis surgery. 
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In the context of this thesis, the objectives were devised to verify the following hypotheses: 
1) a porcine spine finite element model, including the ribcage and epiphyseal growth 
dynamics, can represent the appropriate biomechanical behaviour and growth modulating 
effect of fusionless implants with simulated Cobb angle within 5°, vertebral wedging within 
2°, and vertebral rotation within 3° of their measured values, 2) modulating the growth of 
the superior and inferior epiphyseal plates, simultaneously via a local implant which does 
not bridge the intervertebral disc space, can increase, by at least two folds, progressive 
Cobb angle and vertebral wedging compared to single growth plate alteration, 3) the 
growth modulating impact of fusionless implants is less prominent via the 2-step versus 
the inverse experimental approaches, 4) the biomechanical contribution of the ribcage is 
manifested by an increase in thoracic rigidity leading to a reduction in the impact of 
fusionless implants following a change in growth plate stress distribution. 
A parametric finite element model of an osseo-ligamentous porcine spine and ribcage was 
developed using published and in-house morphometric measurements. Physiological 
forces and gravitational loads were replicated using a follower type load. Vertebral growth 
and its modulation were modeled at the epiphyseal growth plates. Growth behaviour was 
governed by the Hueter-Volkmann principle to address changes in epiphyseal growth in 
response to compressive stresses. An established porcine scoliosis in vivo model was 
simulated to verify replication of progressive scoliosis. As such, scoliosis induction was 
simulated via a posterior longitudinal tether and 5-level ipsi-lateral rib tethering over 10 
weeks of growth. Subsequently, curve correction was simulated over 20 weeks using a 
custom anterior tether aiming at correcting the 3D aspect of the induced deformity, as 
previously reported experimentally. An additional verification step was performed by 
simulating induced deformities using a hemi- and rigid staples, over 12 and 8 weeks, 
respectively. Simulated Cobb angle, apical vertebral wedging, and apical vertebral 
rotation were within 5°, 2°, and 3°, respectively, for the progressive curve, its correction, 
and the simulated implants. Further investigational simulations demonstrated the 2-step 
approach was best suited to assess new fusionless implants as the biomechanical 
environment of the spine mimicked, as closely as possible, expected behaviours in 
deformed spines for progressive scoliosis treatment. Moreover, comparative simulations 
also showed the important biomechanical contribution of the ribcage in fusionless surgery 
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as it increases the rigidity in the thoracic region, the lack of which resulted in exaggerated 
simulated implant influence. 
Following extensive simulations and a detailed literature review, an existing patented 
fusionsless device was revised and features added, resulting a dual-epiphyseal staple, 
which acted locally on the proximal and distal epiphyseal growth plates without spanning 
the disc space. The implant consisted of separate parts, an upper and a lower piece, held 
together by a custom tool and expansion mechanism, which allowed for intra-operative 
implant height adjustment for various vertebral morphologies. 
An in vivo animal trial was conducted using 7 instrumented healthy immature female pigs 
with 4 age-matched controls. The device was inserted locally over T7-T9 vertebrae and 
vertebral growth and spinal changes were followed over 3 months. Monthly radiographs 
were acquired to evaluate induced spinal deformities, vertebral wedging, and 
concave/convex vertebral body height differences. Final induced instrumented Cobb 
angle was 25.0°±4.2° with no significant changes in the sagittal plane. Vertebral wedging 
(18.2°±2.7°) was consistently highest at T9, with 45.4° cumulative vertebral wedging, 
evidence of reversed disc wedging phenomenon. Full growth restraint was achieved with 
3.9±1.0 mm vertebral height shorter ipsi-lateral to the device. Measured indices were 
significantly higher than normal counterparts, except for sagittal angles. Moreover, 
instrumented region samples were harvested for µ-CT imaging. Preliminary µ-CT 
observations have indicated bone loss at instrumentation site in 3/7 cases suggesting the 
implant stress shielded the underlying bone with the presence of peripheral vertebral 
growth. Further analysis is required for conclusive affirmation. 
Upon completion of this thesis work, several aspects can be highlighted towards the future 
advancement of fusionless devices and experimental surgery. The unique pFEM was 
capable of simulating progressive scoliosis via a well-established in vivo scoliosis model, 
reproduced the growth modulation of two distinct fusionless implants, highlighted 
important differences between the inverse and 2-steps fusionless implants testing 
approaches, and outlined the important biomechanical contribution of the ribcage in 
fusionless surgery. The developed model can be used to simulate different scoliosis 
progressive models. This novel porcine spine finite element model established an 
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alternative design and testing platform for newly conceived growth-sparring implants prior 
to proceeding to final experimental testing and transferring acquired understandings to 
human clinical applications. Finally, the devised dual-epiphyseal implant demonstrated 
promising experimental results, which may be translated for the treatment of scoliosis in 
the growing spine. Further histological analyses are necessary to verify maintained disc 
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Scoliosis is a complex three dimensional deformity of the spine requiring treatment for 
progressive cases. The gold standard in treating this disease revolves around spinal 
bracing of moderate curves while complex instrumentation accompanied by segmental 
spinal arthrodesis tackles severe cases. The effectiveness of bracing in halting curve 
progression is still questionable; yet, it remains a mainstream treatment for progressive 
moderate curves. Spinal instrumentation continues to be amongst the vastly invasive and 
costly surgeries as it relies on re-aligning the spine with pedicle screws, hooks, and rods 
accompanied by segmental spinal fusion, invasively reducing spinal mobility. The 
drawbacks of these conventional treatments set the frameworks for extensive research 
and development to explore alternative approaches. 
Recent interest has shifted towards minimally invasive fusionless adolescent idiopathic 
scoliosis treatment strategies that harness residual vertebral growth in an attempt to 
regain normal growth locally and realign the spine globally. By increasing compressive 
loading on the growth plates on the convex side of the scoliotic curvature, growth can be 
retarded as stated by the Hueter-Volkmann principle. As such, fusionless devices aim at 
reshaping wedged vertebrae to their normal geometries and, over time, realign the spine 
while maintaining segmental mobility and axial vertebral growth without resorting to 
invasive surgery. Over the past decade, several investigations have attempted fusionless 
scoliosis correction, clinically, using anterior vertebral body tethering or stapling on the 
convex side of curves. Although promising, the temporal influence of current treatments 
is still halted by the insufficient solid long-term clinical outcomes. Furthermore, the 
influence of current clinically approved devices on the intervertebral disc is still question 
to the speculative long-term effectiveness of these new techniques.  
To address these shortcoming and to improve upon the current understanding of the 
biomechanics of fusionless instrumentation precursory to human clinical applications, 
animal trials are the foremost in vivo testing platforms for new concepts that endeavor to 
achieve global three-dimensional correction of an otherwise complex deformity. Although 
a widely effective method for fusionless implants design assessment and long-term 
growth modulating action, experimental trials can be time and cost consuming, spanning 
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up to 1 year follow-up with implants often bridging the intervertebral disc, compromising 
its health over time as speculated by multiple reports. To better evaluate and understand 
the behavior of these new devices, numerical methods can be utilized in a controlled 
environment to accelerate the design optimization process, reducing unnecessary 
experimental procedures for final product in vivo testing. Yet, a detailed literature review 
revealed the lack of a large animal numerical model integrating epiphyseal growth 
dynamics and programmed growth modulation capable of simulating experimental 
fusionless surgery and the long-term impact of novel growth sparring-devices. Such model 
would further facilitate knowledge transfer from experimental trials to human applications. 
The overall objective of this doctoral project was to develop, test, and verify a new large 
animal finite element model, namely porcine FEM including the ribcage and integrated 
epiphyseal growth dynamics, for the assessment of fusionless implants before proceeding 
to complex animal experiments. The model was then used to design an improved 
fusionless implant without compromising the health of the intervertebral disc by acting 
locally without bridging the intervertebral space, as was shown previously with a device 
depicting a similar prong design. Additionally, the developed model was exploited to 
evaluate differences between two mainstream fusionless implant testing strategies, 
namely the inverse and 2-step approaches, and evaluate the biomechanical contribution 
of the ribcage in fusionless surgery. To attain the main goal of this study, human and 
porcine spinal anatomies were reviewed and compared. Furthermore, spinal 
biomechanics, scoliosis deformity, fusionless treatments, and the various numerical 
models and techniques in scoliosis research were critically reviewed. 
Following an extensive literature review (Chapter 1), the main research hypotheses were 
outlined along with the appropriate objectives to answer these research questions 
(Chapter 2, Figure 2-1). Two journal articles were generated following this doctoral project 
(Chapter 3,Chapter 4) with two other unpublished studies detailed in section 4.3 and 
Chapter 5 of this dissertation. Finally, the last two chapters summarize a general 
discussion and a conclusion ending with perspectives and future work. An appendix was 
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CHAPTER 1 LITERATURE REVIEW 
1.1 Anatomy of the Human Spine 
The spinal column, like any other part of the musculo-skeletal system, forms the structural 
support for the body. Its distinct shape is outlined in all three anatomical planes, providing 
a complex system that houses and protects the spinal cord and the internal organs. This 
unique shape offers flexibility in all major spinal configurations and motion while 
incorporating muscle attachment sites for overall stability, load transfer, and resistance to 
the upper body weight. The spine is a complex system comprised of different elements 
working in conjunction, offering it its global biomechanical behavior. To understand this 
behavior, a description of the functional anatomy is imperative. 
The proximal portion is the foremost region of the spine and defines the cervical spine 
composed of seven vertebrae designated as C1-C7 (Figure 1-1). In the sagittal plane, the 
cervical vertebrae shape an arch convex anteriorly and denoted the cervical lordosis. 
The next region of the spine is denoted as the thoracic spine composed of the twelve 
vertebrae (T1-T12). The ribcage is attached to the thoracic spine at the costal joints and 
allows the articulation of each rib head with respect to the vertebrae. The thoracic 
vertebrae form a posteriorly convex curvature in the lateral plane, also known as kyphosis, 
and is defined from T1 to T12. 
The final portion is defined by three regions: the lumbar spine, the sacrum, and the coccyx. 
The lumbar section consists of 5 vertebrae (L1-L5) and forms a lordotic curve in the 
sagittal plane, much like the cervical region, ending in a kyphotic curve at the sacrum and 
coccyx. The latter two regions are composed of fused vertebrae (S1-S5 and Co1-Co4) 
In addition, the spine encompasses the intervertebral discs and spinal ligaments. These 
structures define the intervertebral lateral angular profiles and, along with a group of 





Figure 1-1 Spinal column. From left to right: Antero-Posterior, Postero-Anterior, and Lateral 
views (Wikimedia commons) 
1.1.1 Vertebrae 
The vertebrae shaping the spine share the same structural anatomy with differences lying 
within their specific morphology identified in each spinal region. Particular exclusions are 
held for the atlas and axis as they form the direct transition and connection from the 
cranium to the remainder of the spine. Each vertebra consists of two main structures 
(Figure 1-2). The body forms the anterior portion and the arch shapes the posterior 
structures. The latter is formed of two pedicles, two laminae, and seven processes: two 
transverse, one spinal, and four articular processes. Confined from both sides by the 




































 Figure 2.  Macroscopic bony anatomy of the spine.  From Clemente Anatomy. 
 
 
The junctions between the broad regions, i. ., the cervicothoracic, thoracolumbar, and lumbosacral 
junctions, frequently are sites for degenerative changes over the long term, most likely due to the abrupt 
change in "stiffness" that occurs at these junctions.  Consider the cervicothoracic (C-T) junction.  The C-
spine ssentially is free to rotate about the C-T junction due to the relative immobility of the trunk during 
head movement.  The C-spine thus acts as a cantilever beam with the "fixed end" at the C-T junction, the 
location of the highest stresses. 
 
The spine as a complete structure can undergo axial, lateral, and sagittal rotations and axial, lateral, and 
anteroposterior translations.  Thus, the spine is said to posses 6 degrees of freedom (DOF).  A functional 













pedicles, the spinal canal is formed by the space between the body and the arch. It is 
circular in shape gradually changing to triangular towards the lumbar region [1].  
 
Figure 1-2: Thoracic Vertebrae depicting the body and posterior bony structures (Left: Lateral 
View, Right: Top View) (Modified from [2]) 
 
Figure 1-3: Cross-sectional view of a lumber spine illustrating the cortical shell and cancellous 
bone interior (Adopted from [2]) 
The vertebral body forms the largest portion of the vertebra. It is relatively cylindrical in 
shape with an elliptical cross-section. Its upper and lower surfaces are flat and thick, and 
provide attachments sites for the intervertebral discs. Viewed from the frontal plane, the 
body is concave on both sides. It is composed of cancellous bone surrounded by a thin 
layer of cortical bone of approximately 0.64 mm thickness [3] (Figure 1-3). The cancellous 
bone, or trabecular bone, is formed of trabeculae oriented ipsi-directional to the main 
loading vector. Particular to the thoracic vertebrae, the body includes left and right costo-
vertebral demi-facets, with the exception of T1, T9, T10, T11, and T12 bodies which 
posses full facets. Demi-facets are located proximally and distally forming whole facets 

















The pedicles are thick and short processes projected posteriorly on either sides of the 
upper part of body. Superiorly and inferiorly, they are curved and form upper and lower 
notches, which form the intervertebral foramina with adjacent vertebrae. The laminae are 
posterior projections from the pedicles directed medially, which fuse to form the vertebral 
foramen from which the spinal process in projected posteriorly. There are two superior 
and two inferior articular processes with articular surfaces coated with cartilage serving 
as articular joints with the upper and lower neighboring vertebrae. The transverse 
processes stem bi-laterally and provide articulation surfaces for the costo-transverse 
joints in the thoracic region. 
1.1.2 Intervertebral discs 
The intervertebral discs (IVD), also known as the intervertebral fibrocartilages, are 
composed of two parts: the annulus fibrosus (AF) and the nucleus pulposus (NP). The 
IVD is the largest avascular structure of the human body, acts as the load bearing spinal 
component, and play a role in the spine flexibility and mobility between adjacent segments 
(functional segments). The IVDs occupy 20-33% of total spine height [4] with varying 
heights between spinal regions. The thicker anterior aspect provides the cervical and 
lumbar regions their respective lordotic curvatures [2]. 
The nucleus pulposus is formed of a fine fibrous matrix offering it a soft, gelatinous texture 
[2] (Nachemson 1960). It is enclosed by the AF and vertebral endplates. The annulus 
fibrosus is a well organized structure with 15 to 25 layers of parallel collagen fibers, also 
called lamellae, interconnected by a network of elastic fibers [2], [5] and progressively 
decreasing thicknesses from the inner to the outer annulus. In each lamella, the fibers are 
oriented at a 30° to 65° angle with the endplates, alternating directions between layers as 
shown in Figure 1-4. Composed of 70-90% water, proteoglycans, and a network of 
collagen, the NP exhibits hydrostatic behavior with near incompressibility in a complex 
interaction with the AF and the vertebral endplates. Briefly, under axial compression, the 
hydrostatic nucleus forces itself towards the more resistant fibers of the annulus, which 
stretch due to this increasing pressure, providing a resistive response similar to a “spring-
damper” behavior [2], [4], [6] (Figure 1-4). Thus, one of the primary roles of the fibers is to 
withstand tensile stress under complex loading. The nucleus occupies 30% to 50% of the 
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cross-sectional area of the IVD [4] and is located slightly posteriorly relative to the entire 
disc. Being avascular, nutrients are transported to the disc by diffusion through the pores 
within the upper/lower cartilaginous endplates [7] and by fluid flow mechanisms from the 
surrounding metabolic solutions [8]. The outer third portion of the annulus is innervated 
[9], giving rise to low back pain in degenerated discs. Adams et al. and Jenson argue that 
the inherent differences between the anterior and posterior annulus fibrosus explain the 
predominant subjection of the lumbar region to elevated mechanical stresses [6], [10], 
[11]. 
 
Figure 1-4: The intervertebral disc depicting the nucleus pulposus and annulus fibrosis (top). 
The lamellated structure of the annulus is shown with intermittent fibres orientation between 
layers allowing a spring-damper response as the disc is compressed by physiological loading as 
the nucleus forces itself on the annular lamellae (lower-right figure) (Modified from [5]). 
1.1.3 Ligaments 
Numerous ligaments are found along the spinal column and ribcage (ref. Section 1.1.4) 
due to their important role in stabilizing the spine when subjected to extensive ranges of 
motion. Their hyperelastic non-linear behaviour offers an exponential tensional resistance 






protection, due to the intrinsic sturdy connectivity of their main component collagen type I 
fibers. Much like the intervertebral discs, the ligaments acquire their nutrients from the 
surrounding fluids by diffusion as they lack vascular channels. As such, in cases of 
unforeseen injuries, ligaments require substantial time for recovery, when the latter is 
achievable.  
Within the spinal column (excluding the ribcage), seven majors ligaments are identified as 
shown in Figure 1-5: 1- Anterior Longitudinal Ligament, 2- Posterior longitudinal ligament, 
3- Ligamentum Flava, 4- Interspinous ligament, 5- Supraspinous ligament, and 6- 
Capsular ligament which links adjacent articular processes (superior articular process 
from subjacent vertebra and inferior articular process from superjacent vertebra) via the 
articular joint. The seventh ligament bundle (intertransverse ligament) spans between the 
transverse processes of adjacent vertebrae. 
 
Figure 1-5: Six major spinal ligaments. The intertransverse ligament is not shown; it spans 
between the transverse processes of adjacent vertebrae (Modified from [2]) 
1.1.4 Ribcage 
The ribcage provides stability to the thoracic spine by increasing its stiffness in flexion, 
extension, left/right lateral bending, and axial rotation. This inherent resistive response is 
a combined action of the different anatomical structures within the ribcage construct 
formed of 12 pairs of ribs, costal cartilage, the sternum, and the intercostal ligaments 







of adjacent vertebrae with the exception of T1 and T9 to T12 which have full facets, 
forming the costovertebral joint encapsulated in fibrous connective tissues. The first 7 ribs, 
namely sternal ribs, are connected to the sternum via the costal cartilage while the 8th to 
10th ribs are asternal and do not directly attach to the sternum. The last 2 ribs are 
designated as floating with no intercostal cartilage. The ribs also articulate with the 
vertebrae at the costotransverse joint, which presents itself as facets on the transverse 
processes of thoracic vertebrae. Finally, intercostal ligaments assure a network of 
connective fibrous tissue between adjacent ribs. 
 
Figure 1-6: The Ribcage and intercostal ligaments (Modified from [2]) 
1.1.5 Porcine Spine and Thorax Anatomy 
The porcine spine and thorax, like humans, is composed of vertebrae, intervertebral discs, 
ligaments, ribs, costal cartilage, and the sternum. Nonetheless, differences lie within 
anatomical and morphological aspects of the spine and thorax. Swine spines typically 
consist of 15 to 16 thoracic and 6 lumbar vertebrae, which share similar anatomical 
structures to humans. More specifically, a vertebral body defines the main structure (0.45 
mm cortical thickness [12]) along with posterior elements (pedicles, laminae, articular 












Figure 1-7: Difference between swine and human thoracic vertebrae (Modified from [13]) 
Table 1-1: Anatomical differences between humans and pigs 
 
Yet, anatomical differences lie within thoracic vertebrae. The latter articulate with the ribs, 
like in humans, at the costo-transverse and costo-vertebral joints. In swine, unlike 
humans, the costo-vertebral joints consist of two demi-facets. This pattern is consistent 
along the thoracic region (with the exception of T15, which only features a superior demi-
facet) such that the rib head articulates at the intervertebral disc level from T1 to T15 (rib 
1 articulates with C7-T1 in swine). The porcine ribcage consists of 14 pairs of ribs where 
the first 7 are joint to the sternum via costal cartilage (sternal ribs). The last 7 ribs are 
asternal and articulate with the preceding ribs via the costal cartilage (Figure 1-8), with no 
floating ribs. Similar to humans, the rib articulates at the costotransverse joint with the 
Table 1. Parameters obtained from bony landmarks
Abbreviation Parameter (units) Formula
AVBH Anterior vertebral body height (mm) P1–P12
PVBH Posterior vertebral body height (mm) P3–P14
UED Upper end plate depth (mm) P1–P3
UEW Upper end plate width (mm) P4–P2








LED Lower end plate depth (mm) P12–P14
LEW Lower end plate width (mm) P15–P13








SCD Spinal canal depth (mm) P3–P8 (transverse plane coordinates only)
SCW Spinal canal width (mm) P11–P7
RPW Right pedicle width (mm) P7–P5 (transverse plane coordinates only)
RPH Right pedicle height (mm) P6–P17 (rostrocaudal coordinates only)
LPW Left pedicle width (mm) P9–P11 (transverse plane coordinates only)
LPH Left pedicle height (mm) P10–P16 (rostrocaudal coordinates only)
Fig. 2. Representative dried human and porcine vertebrae from the upper thoracic region (T2), the middle thoracic region (T7), and the lower
thoracic region (T12). A lateral views. B axial views.
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• 12 Thoracic (T1-T12)
• 5 Lumbar (L1-L5)
21 Vertebrae
• 15 Thoracic (T1-T15)
• 6 Lumbar (L1-L6)
12 Ribs
• 7 sternal





• 20°- 45° kyphosis






same numbered vertebra from T1-T8, with the absence of the latter between T9-T15. The 
pig thorax is more oval in shape when viewed cranio-caudally.  
 
Figure 1-8: Skeleton of a pig showing the ribcage. 14 pairs of ribs articulate from T1 to T15 
(Modified from [14] and [15]) 
Table 1-2: Differences between the porcine and human ribcage anatomy 
 
A striking difference between human and swine vertebrae is the presence of a second 
ossification layer (a.k.a. subchondral bone) in the latter in all spinal regions. Subchondral 
bone is located between the intervertebral disc and the vertebral body and forms a second 
layer of bone, similar to the epiphysis in the human femur (Figure 1-9). The biomechanical 
role of this ossification layer in unclear; however, functionally, it acts as a nutrient diffusion 
Bones and skeletal system 153
This is a fl at, triangular bone in the shoulder (Fig. 
6.23). The two scapulae constitute the thoracic girdle.
The lateral surface of the scapula contains the spine 
of the scapula that ends in the acromion, the expanded 
distal end of the spine of the scapula. The acromion is 
absent in the horse and pig. The area cranial to the 
spine is the supraspinous fossa; the area caudal to it 
is the infraspinous fossa. The medial surface of the 
scapula is called the subscapular fossa. On the dorsal 
border of the scapula is the scapular cartilage. The 
cavity in which the humerus articulates is the glenoid 
cavity. The supraglenoid tubercle, located near the 
cranial aspect of the glenoid cavity, is the site of attach-
ment of the biceps brachii muscle. The coracoid process 
(Greek for “crowlike”) is a small process on the medial 
side of the supraglenoid tubercle where the coracobra-
chialis muscle attaches. Found only in cats, the supra-
hamate process is a caudal projection from the 
acromion.
The humerus, sometimes called the brachial bone, 
is the largest bone in the thoracic limb (Fig. 6.24). It 
articulates proximally with the scapula in the glenoid 
cavity forming the shoulder joint, and distally with 
the radius and ulna forming the elbow joint.
The head of the humerus is a rounded process artic-
ulating with the glenoid cavity. The greater (lateral, 
major) tubercle is the large process craniolateral to the 
head, and can be palpated as the point of the shoulder. 
The lesser (medial, minor) tubercle is located on the 
medial side of the head. The bicipital, or intertubercu-
lar, groove is a sulcus between the greater and lesser 
tubercles through which the tendon of the biceps 
brachii muscle passes. The body of the humerus con-
nects the two epiphyses of the bone. The deltoid tuber-
osity, to which the deltoid muscles attach, is the largest 
tuberosity on the bone. The distal end of the bone is 
called the humeral condyle and includes the humeral 
capitulum and humeral trochlea that are the two artic-
ulating surfaces, two fossae (three in cats), and the 
medial and lateral epicondyles. The olecranon fossa is 
a groove on the caudal surface of the distal end of the 
humerus in which the olecranon process of the ulna 
rests. The radial fossa, opposite the olecranon fossa, 
receives the proximal end of the radius while the 
elbow is fl exed. The dog, and sometimes the pig, also 
has a supratrochlear foramen, which is a hole between 
the olecranon and radial fossa through which nothing 
passes.
The radius is the main weight-bearing bone of the 
forearm (Fig. 6.25). It articulates with the humerus and 
ulna in the elbow, and with the carpal bones and ulna 
at the distal end forming the antebrachiocarpal joint. 
The head of the radius articulates with the capitulum 
of the humerus, as well as the ulna. The styloid process 
is on the distal end of the radius.
The ulna functions mainly as a site for muscle 
attachments and formation of the elbow. It articulates 




















Geometry Oval (14 pairs of ribs) Cuboid (12 pairs of ribs)
Rib orientation Protrude ventrally planar to vertebral local coord sys Protrude ant ri rly and udally
Costo-vertebral joint Consistently at IVD, articulating w\ lower & upper vertebrae IVD level except at T1, T9-T12
Costochondral junction R1-R14 (no floating ribs) R1-R10
Range of Motion No data with ribcage, larger in all rotational directions (without)
Ribcage decr as  nge of 
motion
Rigidity No data with ribcage, smaller in all rotational directions (without)
Ribcage increases spinal stiffness 
in flexion, extension, lateral 
bending, and axial rotation
Costo-transverse joint
Detached from T9-T15 to 
accommodate changing facet 
joints orientation
Attached at all levels
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barrier between the vertebral body and growth plate whilst its damage may lead to 
degenerative changes in the disc [16], [17].   
 
Figure 1-9: Porcine T2 (left) showing the subchondral bone and growth plate, similar to the 
human epiphysis in  long bones (right) (Modified from [13] and [2]) 
The intervertebral disc anatomy resembles that of human. It is composed of a nucleus 
pulposus and annulus fibrosus with NP/IVD ratio ranging between 23-43% [18], [19]. Type 
I and II collagen can be found in the AF with type I in the outermost AF and Type II within 
the inner most AF and varying proportions in between. Conversely, the nucleus contains 
type II collagen exclusively [20]. A similar trend is observed within the human IVD; 
however, type I and II AF collagen proportions are higher compared to swine. Additionally, 
the nucleus water content is similar to humans with similar mechanical behaviour and 
creep response under axial loading [21]. Porcine IVDs exhibit age related degenerative 
changes manifested as a reduction in its function to absorb and distribute external loads 
and with fibrous tissue formation within the outer edge of the NP [18], similar to humans 
[18], [22]. 
Morphologically, it is difficult to obtain a direct comparison between immature porcine 
vertebrae and adolescent human vertebrae, in part, due to the limited availability of young 
human spines. Nevertheless, several investigations have compared pig spines (of varying 
age) to mature human spines, with variable outcomes linked to the swine breeds and age 
[13], [23], [24]. In a recent analysis, Busscher et al. [24] compared the morphology of 4 




Table 1. Parameters obtained from bony landmarks
Abbreviation Parameter (units) Formula
AVBH Anterior vertebral body height (mm) P1–P12
PVBH Posterior vertebral body height (mm) P3–P14
UED Upper end plate depth (mm) P1–P3
UEW Upper end plate width (mm) P4–P2








LED Lower end plate depth (mm) P12–P14
LEW Lower end plate width (mm) P15–P13








SCD Spinal canal depth (mm) P3–P8 (transverse plane coordinates only)
SCW Spinal canal width (mm) P11–P7
RPW Right pedicle width (mm) P7–P5 (transverse plane coordinates only)
RPH Right pedicle height (mm) P6–P17 (rostrocaudal coordinates only)
LPW Left pedicle width (mm) P9–P11 (transverse plane coordinates only)
LPH Left pedicle height (mm) P10–P16 (rostrocaudal coordinates only)
Fig. 2. Representative dried human and porcine vertebrae from the upper thoracic region (T2), the middle thoracic region (T7), and the lower







human spines (n = 6, range: 55-84 years old). The porcine vertebral body height (VBH) 
increased from T1 to L6 (similarly to humans); however, the increase in VBH was smaller 
in pigs with vertebral body heights comparable in the upper thoracic region (T1-T12). 
Porcine VBH were more comparable to adolescents before their growth spurt [24]. 
Similarly, the upper and lower endplates width and depth (UEW, UED, LEW, LED) 
increased caudally, with the latter more constant along the spine, defining an elliptically 
shaped endplate. The cross-sectional areas increased by 25% in pigs vs 195% in humans 
[13]. Thus, vertebral bodies are shorter and narrower with respect to the human spine 
[13], [24]. Pedicles span the entirety of the vertebral body height and their height is slightly 
larger than humans with similar widths along the thoracic spine [13], [24]. The facets are 
oriented similarly to humans in the upper thoracic region (T1-T9), with a sudden transition 
at T9-T10 junction equivalent to the human thoracolumbar T12-L1 transition. The 
intervertebral disc height increases relatively slowly caudally in the pig spine and is 
consistently smaller than its human equivalent at each segmental level [13], [23], [24]. 
Globally, the pig presents a kyphosis and a lordosis. The extent of these is much lower 
than what is expected in humans; however, obtaining true measurements in animals 
maybe be challenging due to animal positioning under anesthesia. As muscular 
contribution is virtually eliminated, the lateral profile does not depict the actual shape 
expected when the animal is ambulatory. Furthermore, a relative profile measurements 
from excised spines may be changed due to the dissection of soft tissue and absence of 
muscle tone [24].  
The anatomical resemblance between swine and human vertebrae has attracted many 
investigations to use these animal models for orthopaedic implant in- and ex-vivo testing. 
Notwithstanding, morphological differences, specifically the intervertebral disc space, 
should be accounted for when transferring results to clinical applications. Furthermore, 
swine typically present higher bone mineral density [25]; thus, interpreting fracture testing 
and implants pullout results should be meticulously analyzed by acknowledging inherent 
differences between humans and pigs. The use of animals, pigs included, in orthopaedic 
research relating to spinal treatment will be covered in-depth in Section 1.4.3.3. 
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1.2 Biomechanics of the Spine 
Spinal biomechanics encompasses several aspects including spinal loading, spinal range 
of motion, and the interaction between the different spinal structures to achieve these 
functional behaviors. Following the preceding overview of spinal descriptive anatomy, the 
following sections will address the functional description of the latter structures involved 
in the various aspects of spinal biomechanics. 
1.2.1 Spinal Loads 
Spinal loading is a complex interaction between various stabilizing muscles and soft-
tissues as a means to counteract the moments created by gravitational loads. It is 
generally accepted that the spine is mainly loaded along the vertebral axial direction with 
approx. 92% of loads distributed along the anterior and posterior regions of the 
intervertebral discs [26]. Using a custom-designed pressure sensitive needle, Nachemson 
et al. [27] found in vivo intradiscal pressures reaching ~0.87MPa, indicating the 
importance of the IVD as a load bearing and transmission medium between spinal 
segments. The mechanism by which the disc achieves such resistance can be directly 
related to its inherent functional anatomy depicted as a spring-damper mechanism (Figure 
1-4). Combining this ingenious biological mechanism with the structural strength of the 
vertebral body, the spine can endure compression of ~2KN at C7 and ~8.5KN at L4 [4]. 
Linders et al. [28] observed a linear correlation between the applied load and the vertebral 
cortical shell strain measurements, indicating the formal’s important contribution to 
resisting loads at the vertebral body level, with 45% of the load sharing [29], [30]. Discal 
L3-L4 pressures can reach up to 3 times standing measurements as posture changes 
(Figure 1-10) [31], with pressures increasing relatively more than the applied load due to 
annulus fibrosus tensile resistance, reaching 4-5 times the applied force and posing a 
risky site for spinal injury. Further risk factors extend to loading history, aging, and genetic 




Figure 1-10: L3-L4 intradiscal pressure variation as a function of posture when compared to 
standing (Modified from [31]) 
Load allocations (gravity and muscle forces) along the spine is difficult to quantify due to 
limitations in measuring forces generated by the spinal stabilizer muscles. Uneducated 
assumptions in a complex mechanical equilibrium may render a complex problem more 
inconsistent. However, several researchers have attempted to quantify these loads by 
defining or relating segmental load ratios as a function of body weight (BW) [32], [33]. 
More specifically, Schultz et al. [32] have established an approximate correlation between 
BW and spinal segmental level based on a developed model linked to intradiscal 
pressures and myoelectric measurement. As such, 14% body weight load was allocated 
to T1 with segmental 2.6% BW incremental increases up to L5 (Figure 1-11). Such loading 
strategy was adopted by Villemure et al. [34] in a finite element model to simulate 
progressive scoliosis deformities in adolescent idiopathic scoliosis. In a more refined 
model including the ribcage and abdominal and skin (soft) tissues, Clin et al. [35] 
integrated Schultz load model application whereas equivalent loads were applied with a 
sagittal offset to account for segmental centers of mass. Moreover, these numerical 
models lacked the appropriate spinal muscle force vectors. Investigations by 
Patwardhan’s team demonstrated that the spine consistently buckled under compressive 
vertical forces (akin to gravity) 10 times lower than the physiological loads (~1000N) 
withstood by the spine [36]. Buckling was due to the absence of the stabilizing effects of 
spinal muscles. A concept of “Follower Load” was then postulated, where loads are 
applied tangential to the spinal curvature, attempting to minimize the effect of shear and 
bending. Partwardhan, by applying a follower load using a system of guides and wires, 
concluded that the stability and load-carrying capacity of the lumbar spine increased [37] 
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under loads reaching 1200N. However, the study was limited to the lumbar spine, and the 
load path was fixed, where it was hypothesized it should remain near the segmental center 
of rotation. Other limitations of this approach is its pure compressive aspect (eliminating 
shear loading) disagreeing with current understanding of the asymmetrical vertebral 
stresses associated with scoliotic deformities [38]. Nonetheless, follower loading was 
applied by Dreischarf et al. [39], using a finite element model and locating the optimal 
follower load path posterior to the vertebral bodies showed its stabilizing effect as the total 
ROM was less sensitive to the follower load application points. Yet, ongoing computational 
investigations attempt to capture the realistic behavior of the spine under upper body loads 
and intervertebral stress distribution [40]–[42]. 
 
Figure 1-11: Graphical representation of the correlation between body weight and spinal 
segmental loading as developed by [32] 
Although current understanding of spinal loading is limited for human cases, investigating 
quadrupedal spinal loading poses an ambiguous avenue to current research aiming at 
experimental animal trials involving spinal implants. In quadrupeds, gravitational loads are 
ventrally directed. Dorsal and ventral muscle forces (Figure 1-12b) act concurrently to 
stabilize the spine in the lateral profile to maintain the natural curvatures, the absence of 




Figure 1-12: a) Ventrally directed gravitational force vectors in quadrupeds, b) Dorsal and Ventral 
muscle co-activation to stabilize the spine in the sagittal plane (Modified from [43]) 
As such, the resultant load is directed in the longitudinal axis of the vertebral body, mainly 
axially compressing the vertebra, analogous to human spines. Such occurrence is not 
unrealistic given the morphological similarities between ovine, porcine, bovine, and 
human vertebrae [1] suggesting that, functionally, the latter have adopted shapes to 
withstand similar loading environments. To further add, quadrupedal vertebral bodies 
exhibit trabeculae oriented longitudinally further demonstrating load vector orientation as 
trabeculae are normally aligned in the major loading direction (Wolff’s law) [43]. Subtle 
differences may arise in the shear vector at segmental level, especially at the 
thoracolumbar junction. In humans, the resultant shear force is directed posteriorly while 
it is anteriorly oriented in quadrupeds. This, in part, is due to the change in resultant force 
from gravity due to the natural sagittal (kyphosis/lordosis) differences between both 
species with an acute transition between kyphosis and lordosis presenting itself at the 







Figure 1-13: Shear vector direction in the loaded quadruped and primates (A) and human (B) 
spines (Modified from [44]) 
It is speculated that spinal loads are higher in quadrupeds vs humans as higher forces 
are required to maintain the inherent sagittal shape of an otherwise horizontal spine, 
similar to a suspension bridge [43], [45]. Using stress sensors implanted in the annuli of 
midthoracic discs, swine in vivo measured pressures were 0.56, 0.63, and 0.55 MPa for 
sitting, standing, and walking, respectively [46] . Thus, physiological compressive stresses 
within pig spines ranged to values similar to humans [46], which may be explained by the 
smaller endplate surface area in pigs subjected to higher spinal loads. Nevertheless, in 
vivo intervertebral disc or growth plate stresses are scarce within the literature. 
1.2.2 Spinal Motion 
Spinal motion is the product of the interaction between the various spinal structures 
manifested as relative rotations and translations of each vertebral level. At a 
multisegmental level (2 or more vertebrae and their enclosed intervertebral discs), 
rotations correspond to flexion (flex) and extension (ext), right and left lateral bending (LB), 
and right and left axial rotations (AR). On this note, translations correspond to the anterior 
and posterior, medial and lateral, and axial translations with respect to adjacent segments. 
Figure 1-14 provides an illustrative depiction of the notions of translation and rotation 
within the context of the spinal functional unit. 
showed that more axial vertebral rotation occurred un-
der dorsally directed shear loads than under ventrally
directed shear loads at the mid and lower thoracic spine.
These findings point out that the human spine, on which
these dorsal shear loads uniquely act, is a less stable con-
struct, as far as rotation is concerned, compared with the
spine of other vertebrates (including bipedal animals). It
was postulated that these dorsally directed shear loads
can, under critical circumstances during growth, act as
an enhancer of slight preexistent vertebral rotation,98–100
whereas ventrally directed loads counteract rotation.
This rotation-enhancing force working on the declive
segments of the growing spine, could result in a progres-
sive deformation of individual vertebrae because of
Hueter-Volkmann’s law, and ultimately lead to progres-
sive scoliosis. This is in agreement with earlier research in
which it has been demonstrated that backward inclina-
tion of vertebrae in the sagittal plane has prognostic sig-
nificance in the progression of AIS.101 This has led to the




It is a well known fact that a symmetric human body
does not exist. In 1909, the normal asymmetries of the
human body were extensively described by Gaupp.102
The normal spine is never straight or symmetrical. Ac-
cording to Farcas, some degree of scoliosis is always
present in everyone, a fact that was also recognized by
many anatomists.103
Recently, Kouwenhoven et al demonstrated the exis-
tence of a preexistent pattern of vertebral rotation in the
normal, nonscoliotic spine. In humans and quadrupeds,
the mid and lower thoracic vertebrae showed a predom-
inant rotation to right side.98,99 In humans, the predom-
inance of right-rotating thoracic curves in idiopathic sco-
liosis can probably be explained by this preexistent
r tation. We assume that once the spine starts to deteri-
orate into progressive deformity, it will naturally follow
this built-in rotational pattern, rather than revert to the
opposite direction. Because preexistent rotation also ex-
ists in vertebrates that do not develop scoliosis naturally,
this anatomic feature can be considered as a physiologic
process in the normal development of the spine, indepen-
dent of the pathogenesis of scoliosis.99 Kouwenhoven et
al also showed that in the normal, nonscoliotic spine of
persons with a complete mirror image reversal of their
internal body organs, called situs inversus totalis, this
preexistent rotational pattern was found to be opposite
to what is seen in humans with normal organ anatomy
(i.e., the mid and lower thoracic vertebrae were predom-
inantly rotated to the left side).100 In addition to verte-
bral rotation, handedness in this population was deter-
mined as well. The existence of right and left-handedness
is a typical example of normal human body asymme-
try.102 Goldberg and Dowling found an association be-
tween handedness and the predominance of right rotat-
ing thoracic curves in AIS,104 however, this association
could not be confirmed in left-handed children, because
the direction of spinal curvature in this group was found
to be randomly distributed.105 Handedness is a very
complex characteristic, and data in literature on this sub-
ject are contradictory and inconclusive.104–110 The re-
sults of our study100 showed that in persons with situs
inversus totalis handedness was distributed identical to
the normal population, in which 90% is right-
handed.111 Nevertheless, this group demonstrated a ro-
tational pattern exactly opposite to what was found in
the normal population. Based on these findings, it was
concluded that the asymmetrical anatomy of the thoracic
organs,108,112,113 perhaps most notably the eccentric po-
sition of the thoracic aorta in close relationship to the
Figure 6. Depending on their orientation in space, vertebrae in the
human spine may be subject to ventral (A) or dorsal (B) shear
loads (Data compiled from Castelein et al 89).
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Figure 1-14: Vertebral translations and rotations. Along the x-axis: anterio-posterior translation 
and lateral left/right bending, along y-axis: medio-lateral translation and Flex./Ext., and along z-
axis: priximo-distal translation and axial rotation. 
Figure 1-15 shows a graphical representation of the ranges of motion (ROM) of the 
different spinal segments from C0-C1 to L5-S1 in Flex./Ext., Lateral Bending, and Axial 
Rotation. The ROM in Flex./Ext. increases in the cephalocaudad direction (from C0-C1 to 
L5-S1). Conversely, axial rotation decreases in the cephalocaudad direction. Such 
differences arise from the anatomical orientation of the vertebral zygapophyseal joints 
where, in the thoracic region, the superior facets are directed posteriorly, slightly 
superiorly, and slightly laterally while the inferior facets are directed anteriorly, slightly 
inferiorly, and slightly medially (Figure 1-16). Such disposition increases resistance to 
extension, while allowing for flexion and axial rotation. In the lumbar region, the superior 
facets are concave in shape and directed medially, and oriented vertically. The inferior 
facets are directed laterally and oriented vertically (Figure 1-16). This anatomical setup 
allows for flexion and extension, while blocking axial rotation. Overall, the ROM in flexion 
is marginally higher than extension due to the specific orientation of these facets. Lateral 








Figure 1-15: Segmental flexion/extension, lateral bending, and axial rotation along the human 




Figure 1-16: Facet joint orientation in the thoracic and lumbar regions and their functional 
contribution to axial rotation 
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Several investigations have demonstrated that removal of posterior elements and 
disruption of their corresponding spinal ligaments increased ROM in Flex./Ext., AR, and 
LB [11], [47]–[50]. Flexion ROM alterations correlated with intraspinous/supraspinous 
ligaments, and ligamentum flavum injuries. Extension ROM correlated with anterior 
ligament and pedicle injuries; AR correlated with anterior disc injury, anterior endplate 
injury, and capsular ligament injuries; LB correlated with posterior disc and endplate 
injuries, indicating the respective roles of these elements in the ROM of motion in flex/ext, 
LB, and AR.  
The ribcage provides further stability to the thoracic spine by increasing its stiffness in all 
three physiological rotations. Using a canine spine ((T5-T9) with corresponding ribs and 
sternum), Oda et al. [51] showed that removal of the posterior elements increased ROM 
in Flex/Ext, removal of the 7th costo-vertebral joints increased ROM in AR and LB, and 
destruction of the ribcage increased the neutral zone (NZ) in AR and LB. Large NZ is an 
indicator of spinal instability [4] as movement within this zone necessitates minimal 
muscular activity. Further, Yao 2011 [52] tested 4 female thoracic spines with ribcage and 
concluded that resection of the costo-vertebral joint increased vertebral displacement. 
These results accentuated the importance of the ribcage in stabilizing the thoracic spine, 
which was further demonstrated by the works of Brasiliense et al. [53] demonstrating 78% 
increase in thoracic stability with an intact thorax. Works of Busscher [49] were focused 
on the segmental ROM of the upper and lower thoracic, and lumbar spines with 3 cm of 
ribs remaining in an attempt to emulate the ribcage stabilizing effect. However, his works 
do not account for the important contribution of the intercostal, costochondral, and 
sternum interactions [51]–[53]. Thus, his ROM results reflected White and Panjabi’s [4] 
ROM of the ligamentous spine. 
Spinal motion, in its complexity, presents coupled motion in all 6 degrees of freedom 
(DoF), also termed off-axis motion. Globally, lateral bending causes the cervical and upper 
thoracic spinous processes to rotate towards the opposite direction, mid-thoracic region 
shows little to no rotation, lower thoracic and lumbar present rotations in the same 
direction (Figure 1-17). Coupled motion is a product of the length of the spine, with 
increasing coupled motion with segment length [54], the type of motion, and the region of 
the spine [47]. Rotations are also coupled with translations. Flexion results in an upwards 
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axial translation, in the lumbar region, but this coupling is less pronounced in the thoracic 
region. Extension is followed by downwards axial translation in the thoracic and lumbar 
regions. Axial rotation results in lateral bending in the same direction (thoracic and 
lumbar), and flexion and axial translation in the lumbar region (mainly due to the 
configuration of the lumber facet joints and the tendency of the annulus fibers to reorient 
vertically). Lateral bending caused little coupled motion, except for rotation. Results are 
from experiments on 3 unit segments (T11-L1) and do not reflect the complete behavior 
of the whole spine. However, they present a comprehensive perspective of motion 
coupling within the spine. These complex behaviors should be accounted for when testing 
new spinal implants, experimental spinal stability testing, and simulations involving 
elaborate loading. 
 
Figure 1-17: Coupled spinal motion (Modified from [55]) 
When compared to humans, porcine spine range of motion was typically comparable in 
the lower thoracic and lumbar regions [56]. The overall biomechanical behavior was 
similar with trends showing higher flexion vs extension, and symmetrical left/right lateral 
bending and left/right axial rotation ranges of motions. Largest flexion/extension ROM was 
in the lower thoracic and lumbar region. Axial ROM were larger in the upper and 
midthoracic region while lateral bending was largest in the cervical region. These 
tendencies were also observed in human spinal regions [4] and are partly due to the 
functional orientation of the facets joints and the spinal ligaments in both species. Similar 
differences between each part could be explained by the ana-
tomical properties of the rib cage. The rib cage, consisting of
the sternum and ribs, has a close relationship with the thora-
cic spine and has been regarded as a possible fourth column
of the spine [25]. It has been reported that an intact rib cage is
responsible fo about 31% to 78% of thoracic stability [4,8].
Although the first through seventh ribs are directly con-
nected to the sternum, the eighth through 10th ribs are indi-
rectly connect d to the ter um by mea s of costal cartilage
[26]. The 11th and 12th ribs are floating and are more vulner-
able to fracture. Stiffness of the ribs, sternocostal articula-
tions, and costovertebral joints at the upper thoracic part
are twice as great as that at the lower part [27,28]. The scap-
ulae cover the posterior aspects of ribs two through seven
and contribute to stabilization of the thoracic spine, as shown
in the report by Theodoridis and Ruston [7] that shoulder
movement was related to the upper thoracic spine at these
levels. Combined with findings in our previous report, these
data indicate that the T3–T4 to T5–T6 segments are the most
stable parts of the thoracic spine that are surrounded by the
rib cage, bilateral scapulae, and the trapezius [13]. These
biomechanical results support the idea that upper or lower
instrumentation of vertebrae at the T3–T4 to T5–T6 seg-
ments could help prevent adjacent segmental disease [29].
The information about kinematics in the thoracic spine also
helps surgeons explain the effect of spinal fusion to patients.
Lovett [23] confirmed concomitant spinal motions other
than the primary motion using cadaver spines and docu-
mented the so-called coupled motions. Except for the in-
tersection of the atlantoaxial and lumbosacral joints, it is
known that the cervical spine has ipsilateral coupled patterns
and the lumbar spine has contralateral coupled patterns [1].
However, there has been little consensus about coupled mo-
tion of the thoracic spine because of the methodological dif-
ficulty of analyzing its subtle motion [3] (Table 4). Schultz
et al. [20], using mathematical models, reported that coupled
axial rotation occurred in the same direction as lateral bend-
ing. Gregersen and Lucas [22] reported that coupled axial
rotation with lateral bending occurred in the same direction.
Willems et al. [21] reported that the frequency of coupled ro-
tation in the same direction as lateral bending was 47% at
T1–T4, 83% at T4–T8, and 68% at T8–T12. However, Bra-
siliense et al. [4] reported that coupled rotation with lateral
bending occurred in the opposite direction. Gercek et al.
[5] reported that lateral bending accompanied coupled ex-
tension in thoracolumbar segments; however, they did not
mention the relationship between main lateral bending and
coupled rotation. Panjabi et al. [6] reported that coupled ax-
ial rotation occurred in the opposite direction of lateral
bending. However, later, White and Panjabi [1] reported that
the direction of coupled rotation with lateral bending was
the same at the upper thoracic segments and at both the mid-
dle and lower thoracic segments. In our present study, as the
direction of coupled axial rotation of T1 with respect to T12
showed, lateral bending generally accompanied coupled ax-
ial rotation in the same direction. There was slight coupled
flexion at the upper (T1–T2 to T3–T4) and middle thoracic
parts of the spine (T4–T5 to T8–T9), and slight extension
was observed at the lower part (T10–T11 to T12–L1). How-
ever, ipsilateral coupled axial rotation was not evident from
T2–T3 to T5–T6 segments (Fig. 4). This result conflicted
with our previous finding that coupled lateral bending with
axial rotation showed an ipsilateral pattern at T1–T2 to
T7–T8 and showed both ipsilateral and contralateral patterns
at T8–T9 to T12–L1 [13]. We speculate that this difference
is because of compensatory motion at the T2–T3 to T5–T6
segments, where scapulae cover ribs of these segments.
For lateral bending, one articular process moves ventrally
and the contralateral process moves dorsally along with
the oblique shape of facet joints. This combination of ventral
Fig. 5. Lateral bending and coupled axial rotation in the (Left) whole spine
and in (Right) T6–T7 spinal segment. For lateral bending to the left side, the
right inferior articular process of the upper vertebrae moves ventrally and
the left inferior articular process moves dorsally, causing left coupled axial
rotation. The spine of the scapula is located at the T3–T4 level.
Fig. 6. Examples of exercise in lateral bending with (Left) ipsilateral
coupled rotation and with (Right) contralateral coupled rotation. Lateral
bending to the left side with left axial rotation is a more comfortable posi-
tion than lateral bending with opposite rotation.
1997T. Fujimori et al. / The Spine Journal 14 (2014) 1991–1999
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absolute ranges of motion were shown between the lower thoracic and lumbar regions 
between humans and pigs. Notably, the ribcage was not included in these analyses and, 
thus, neither its biomechanical contribution. Although comparable, porcine ROM were 
compared to published human data subjected to different rotational moments. In the swine 
study, ± 1.0 Nm (C1-C2), ±2.5 Nm (cervical region), and ± 7.5 Nm (thoracic and lumbar 
regions) were applied to the tested functional units.  
 
Figure 1-18: Porcine spine segmental range of motion for the cervical, thoracic, and lumbar 
regions (Modified from [56]) 
In another study, controlled moments (2 Nm) were applied to multisegmental specimens 
(4 vertebrae and 3 IVDs) from the upper, mid, lower thoracic, and lumbar regions of 
porcine (~4 months old) and human (55-84 years) spines. Data from the middle IVD and 
adjacent vertebrae (representative of physiological unrestrained motion segment) was 
collected after 3 preloading cycles. The results showed, although not significant, that 
range of motion and neutral zone were generally more prominent in porcine vs human 
segments [50]. However, after removal of the posterior elements, ranges of motion were 
similar at the lower thoracic and lumbar regions, which may be partly due to the 
differences in facet orientation within these regions as the facet change orientation 
abruptly more cranially in pigs. The aforementioned results reflect, arguably, a more 
realistic comparison between species as standardized loads were applied. 
Data is unavailable to explain the role of the ribcage in the pig spine. However, as 
previously mentioned, Oda et al. [51] showed the important contribution of the ribcage to 
spinal stability in a canine experimental test. Dogs have a similar ribcage form factor as 
available. Specific segments in the thoracolumbar region
were studied by Busscher et al. [5] and compared with the
human spine. Schmidt et al. [31] tested the cervical region
of both porcine and human spines in a comparative implant
test. Both studies applied polysegmental specimens. Kettler
et al. [19] determined the biomechanical segmental motion
behaviour of monosegmental and polysegmental specimens
in a sheep model and showed that the results should not be
compared quantitatively, but only qualitatively.
To our knowledge, quantitative data on the biome-
chanical behaviour of each segment including the thoracic
region of the whole porcine spine measured with mono-
segmental specimens are not available.
In order to complete our existing database, in which
biomechanical data from calf and sheep already exist, the
porcine spines were tested in the same way [41, 43].
The purpose of this study is to provide quantitative
biomechanical parameters of the whole porcine spine and
compare them with our own human in vitro data and with
human data in the literature [37]. These data could be used
to plan biomechanical in vitro and in vivo experiments with
porcine spines.
Materials and methods
Fifteen spines from a 6-month-old porcine with a weight of
94.7 kg (±6.9 kg) were tested in the present in vitro study.
The breed was a cross of Pie´train boar with hybrid porcine.
The complete spines from C1 to L6 were freshly dissected
and frozen at -20!C until testing. Before testing, the
specimens were thawed and the muscle tissue was carefully
removed, and all ligaments, bony structures and discs were
preserved. In the thoracic regi n, the costovertebral junc-
tions were maintained and the ribs were shortened to a
length of 5 cm. The specimens were cut into monoseg-
mental functional spinal units (FSU) with six specimens for
each FSU (note that the porcine typically has 14 thoracic
and 7 lumbar vertebrae, compared to 12 and 5 in the human
spine, respectively).
Then, the upper half of the cranial vertebra and
the lower half of the caudal vertebra were embedded
in polymethylmethacrylate (PMMA, Technovit 3040,
Heraeus Kulzer, Wehrheim, Germany) ensuring that t e
middle disc was aligned horizontally. Before the embed-
ding process, several screws were fixed in the upper and
Fig. 1 ROM and NZ of the motion segments of porcine spines from
C1–C2 to L6–L7 (mean and standard deviation) for pure flexion/
extension moments of My = ±7.5 N m in the lumbar and thoracic
region, My = ±2.5 N m in the cervical region and My = ±1.0 N m
in the segment C1–C2
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Results
In flexion and extension, the C1–C2 segment showed a
ROM from 7! to 8! (Fig. 1; Tables 1, 2). From C2 to C7,
the largest ROM was noticed in segment C5–C6 in flexion
with approximately 10!. In general the ROM in flexion was
Fig. 2 ROM and NZ of the motion segments of porcine spines from
C1–C2 to L6–L7 (mean and standard deviation) for pure right/left
lateral bending moments of Mx = ±7.5 N m in the lumbar and
thoracic region, Mx = ±2.5 N m in the cervical region and
Mx = ±1.0 N m in the segment C1–C2
Table 3 Biomechanical properties of porcine FSU from C1–C2 to
L5–L6 with a pure lateral bending moment to the right of
Mx = 7.5 N m in the lumbar and thoracic region, Mx = 2.5 N m in
the cervical spine and Mx = 1.0 N m in segment C1–C2
ROM (!) NZ (!) S1 (N m/!) S2 (N m/!) S1/S2
C1–C2 4.5 ± 1.4 2.0 ± 0.5 0.1 ± 0.0 0.7 ± 0.1 0.1
C2–C3 7.5 ± 1.5 3.4 ± 1.3 0.1 ± 0.0 0.8 ± 0.2 0.1
C3–C4 8.4 ± 0.4 4.3 ± 1.9 0.0 ± 0.0 0.9 ± 0.1 0.0
C4–C5 6.9 ± 1.3 3.1 ± 1.2 0.1 ± 0.0 1.1 ± 0.4 0.1
C5–C6 8.0 ± 0.7 4.8 ± 1.4 0.0 ± 0.0 0.9 ± 0.3 0.0
C6–C7 6.8 ± 0.5 3.2 ± 1.4 0.1 ± 0.0 0.7 ± 0.1 0.1
C7–T1 4.7 ± 1.7 2.2 ± 1.5 0.2 ± 0.1 1.0 ± 0.3 0.2
T1–T2 4.4 ± 1.2 2.3 ± 1.0 0.2 ± 0.0 1.5 ± 0.2 0.1
T2–T3 6.2 ± 1.1 2.8 ± 0.9 0.1 ± 0.0 1.8 ± 0.3 0.1
T3–T4 4.3 ± 0.9 2.5 ± 2.3 0.1 ± 0.0 1.4 ± 0.3 0.1
T4–T5 5.5 ± 1.0 1.8 ± 0.5 0.3 ± 0.0 2.1 ± 0.6 0.1
T5–T6 5.2 ± 0.9 2.0 ± 0.7 0.2 ± 0.1 1.6 ± 0.5 0.1
T6–T7 5.8 ± 1.5 2.8 ± 1.2 0.1 ± 0.0 2.1 ± 0.6 0.0
T7–T8 6.5 ± 3.1 3.1 ± 2.5 0.1 ± 0.0 3.0 ± 0.4 0.0
T8–T9 6.2 ± 1.9 2.4 ± 1.3 0.1 ± 0.0 2.6 ± 0.2 0.0
T9–T10 4.3 ± 0.6 2.2 ± 0.8 0.3 ± 0.1 1.7 ± 0.5 0.2
Table 3 continued
ROM (!) NZ (!) S1 (N m/!) S2 (N m/!) S1/S2
T10–T11 5.4 ± 0.7 1.6 ± 0.4 0.2 ± 0.1 2.0 ± 0.4 0.1
T11–T12 5.5 ± 0.3 2.5 ± 0.8 0.1 ± 0.0 2.7 ± 0.5 0.1
T12–T13 5.4 ± 0.9 2.0 ± 0.8 0.2 ± 0.1 2.3 ± 0.3 0.1
T13–T14 5.5 ± 0.8 1.9 ± 1.3 0.2 ± 0.4 2.9 ± 0.4 0.1
T14–L1 5.5 ± 0.9 2.7 ± 0.4 0.2 ± 0.1 2.8 ± 0.3 0.1
L1–L2 5.8 ± 1.3 1.7 ± 0.6 0.2 ± 0.1 2.4 ± 0.2 0.1
L2–L3 5.6 ± 0.6 2.1 ± 0.8 0.1 ± 0.0 2.2 ± 0.4 0.0
L3–L4 5.3 ± 0.8 1.9 ± 0.6 0.2 ± 0.0 2.5 ± 0.5 0.1
L4–L5 5.5 ± 1.0 1.7 ± 0.6 0.2 ± 0.1 2.7 ± 0.3 0.1
L5–L6 5.7 ± 1.4 1.3 ± 0.3 0.2 ± 0.1 2.1 ± 0.3 0.1
Data for lateral bending to the left were equivalent
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larger than in extension in the cervical segments with the
exception of C1–C2. The ROM in the upper thoracic spine
ranged from approximately 4! in extension to 4! in flexion.
In the lower thorac c spine, the ROM increased minimally
from 4! to 5.5!. In the lumbar segments the ROM ranged
from 3! to 5.5! in both directions.
Fig. 3 RO and NZ of the motion segments of porcine spines from
C1–C2 to L6–L7 ( ean and standard deviation) for pure left/right
axial rotation moments of Mz = ±7.5 N m in the lumbar and
thoracic region, Mz = ±2.5 N m in the cervical region and
Mz = ±1.0 N m in the segment C1–C2
Table 4 Biomechanical properties of porcine FSU from C1–C2 to
L5–L6 with a pure axial rotation moment to the left of Mz = 7.5 N m
in the lumbar and thoracic region, Mz = 2.5 N m in the cervical
spine and Mz = 1.0 N m in segment C1–C2
ROM (!) NZ (!) S1 (N m/!) S2 (N m/!) S1/S2
C1–C2 29.1 ± 2.3 17.9 ± 6.2 0.0 ± 0.0 0.0 ± 0.0 0.0
C2–C3 1.1 ± 0.3 0.2 ± 0.1 0.2 ± 0.1 1.0 ± 0.3 0.2
C3–C4 2.5 ± 1.1 0.6 ± 0.3 0.3 ± 0.1 0.8 ± 0.2 0.4
C4–C5 2.4 ± 1.1 0.4 ± 0.3 0.3 ± 0.1 0.7 ± 0.2 0.4
C5–C6 2.2 ± 0.7 0.5 ± 0.3 0.1 ± 0.0 0.6 ± 0.1 0.2
C6–C7 2.3 ± 0.7 0.5 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.4
C7–T1 1.6 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.6 ± 0.3 0.2
T1–T2 4.8 ± 1.7 0.6 ± 0.2 0.1 ± 0.0 1.4 ± 0.2 0.1
T2–T3 5.4 ± 1.6 1.0 ± 0.5 0.0 ± 0.0 1.2 ± 0.3 0.0
T3–T4 5.3 ± 0.8 0.7 ± 0.2 0.0 ± 0.0 1.7 ± 0.3 0.0
T4–T5 6.1 ± 0.9 0.7 ± 0.3 0.1 ± 0.0 2.0 ± 0.6 0.1
T5–T6 6.2 ± 0.5 0.9 ± 0.7 0.0 ± 0.0 1.9 ± 0.5 0.0
T6–T7 6.2 ± 0.7 1.0 ± 0.3 0.1 ± 0.0 2.1 ± 0.6 0.0
T7–T8 6.4 ± 0.6 1.0 ± 0.5 0.2 ± 0.0 2.5 ± 0.4 0.1
T8–T9 6.1 ± 0.5 0.1 ± 0.4 0.1 ± 0.0 2.0 ± 0.2 0.1
T9–T10 5.4 ± 0.9 0.7 ± 0.5 0.3 ± 0.1 1.9 ± 0.5 0.2
Table 4 continued
ROM (!) NZ (!) S1 (N m/!) S2 (N m/!) S1/S2
T10–T11 2.5 ± 1.2 0.5 ± 0.3 0.5 ± 0.1 1.9 ± 0.4 0.3
T11–T12 2.5 ± 2.0 0.3 ± 0.2 0.9 ± 0.2 2.7 ± 0.5 0.3
T12–T13 1.9 ± 0.4 0.3 ± 0.1 0.9 ± 0.4 2.4 ± 0.3 0.4
T13–T14 1.6 ± 0.4 0.2 ± 0.1 0.8 ± 0.4 3.0 ± 0.4 0.3
T14–L1 1.2 ± 0.1 0.2 ± 0.1 1.4 ± 0.3 3.0 ± 0.3 0.5
L1–L2 2.2 ± 0.1 0.6 ± 0.8 2.4 ± 0.5 3.4 ± 0.5 0.7
L2–L3 1.2 ± 0.2 0.2 ± 0.1 3.2 ± 0.9 4.0 ± 1.1 0.8
L3–L4 1.2 ± 0.2 0.1 ± 0.1 3.9 ± 1.2 4.9 ± 2.1 0.8
L4–L5 1.2 ± 0.1 0.2 ± 0.1 4.9 ± 2.0 6.8 ± 2.0 0.7
L5–L6 1.5 ± 0.3 0.3 ± 0.2 5.8 ± 2.9 7.7 ± 1.6 0.8
Data for axial rotation to the right were equivalent
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pigs [14]; thus, the behaviour of the porcine ribcage under biomechanical loads and 
mechanical testing can be hypothesized to reflect a similar response, with the ribcage 
increasing stability in the thoracic region. 
1.3 Physiology of Bone Tissue  
1.3.1 Composition of bone and cartilage tissue 
Bone is a connective tissue composed mainly of cells embedded in an extracellular matrix. 
It serves as mechanical support and organ protection, mineral reserve, constant source 
of bone tissue remodeling, and production of blood cells from the enclosed bone marrow. 
The extracellular matrix is formed of three constituents: collagen fibers, minerals, and a 
fundamental substance. Due to their elastic properties, the collagen fibers offer bone its 
resistance to mechanical loading while the fundamental substance serves as a medium 
for the fibers. Mainly composed of hydroxyapatite and calcium carbonate, the minerals 
form the inorganic fraction of the extracellular matrix and provide bone with its rigidity and 
hardness.  
Bone cells include osteoblasts, osteoclasts, and osteocytes. Osteoblasts are involved in 
the apposition of the extracellular matrix and play an important role in bone modelling and 
remodelling. Osteocytes are “old” osteoblasts. They lack the capacity to differentiate and 
synthesize bone tissue. Furthermore, they are involved in the maintenance of the 
extracellular matrix. Osteoclasts, multinuclear cells, are involved in the resorption of bone. 
They are also highly migratory along the span of bone tissue. Osteocytes interconnect 
with bone lining cells and form the first line of action in bone remodelling by coordinating 




Figure 1-19: Macroscopic composition of bone (Obtained from: 
http://www.training.seer.cancer.gov/anatomy/skeletal/tissue.html on 08/01/2016) 
Macroscopically, bone is mainly composed of cortical and cancellous bone. Both 
structures are formed of lamellar bone, which, in turns, is formed of organized parallel 
layers of collagen fibers. In cortical bone, these fibers alternate directions from layer to 
layer forming a concentric shell surrounding the enclosed cancellous bone. On the other 
hand, the lamellae form trabecular structures of diverse sizes in cancellous bone. Osteons 
are formed by 20 concentric lamellae with up to 7 rings of osteocytes in osteons walls. 
Capillaries run through the centers of the osteons, known as Harvasian canals, to supply 
the required nutrients. A fibrous layer, namely the periosteum, surrounds bone except at 
cartilaginous sites such as in articulations. 
1.3.2 Epiphyseal Growth Plate 
The epiphyseal growth plate is where longitudinal bone growth occurs via layered bone 
deposition. In humans, the growth plate is situated between the intervertebral disc and the 
vertebral body at the proximal and distal extremities. The growth plate is avascular, for 
the exception of its boundary with the metaphysis of the vertebral body whose vascular 
anatomical purpose will be widely covered in Section 1.3.3. The growth plate is divided 
into 3 zones (Figure 1-20) [60]. The reserve zone is composed of idle chondrocytes with 
very low proliferative rate, namely why this zone is also referred to as the resting zone 
with a high extracellular matrix (ECM) to chondrocyte ratio [61]. The ECM is mainly 
composed of collagens (primarily type II), proteoglycans, and non-collagenous proteins. 
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The proliferative zone is composed of flattened chondrocytes, organized into columns and 
ready to divide. In the mature (lower) proliferative zone, chondrocytes have already 
undergone division and are stacked into columns separated by the ECM, ready for 
hypertrophy. In the hypertrophic zone, chondrocytes are found enlarged and organized 
into columns with an increase in enzyme activity/synthesis promoting secretion of type X 
collagen [60] (only found in the growth plate). In the lower hypertrophic zone, 
chondrocytes undergo apoptosis after secreting a highly specialized matrix promoting 
cartilage calcification sites for bone formation via the osteoblasts in the vascular invasion 
zone (Figure 1-20).  
 
Figure 1-20: Vertebral epiphyseal growth plate and its zonal divisions: the reserve, proliferative, 
and hypertrophic zones (obtained from 
http://www.nzdl.org/gsdl/collect/ccgi/archives/HASHee86.dir/p133.jpg on 03-01-2016) 
1.3.3 Bone Growth 
Normal bone growth is defined by two processes: endochondral ossification (ossification 
centers: OC) and appositional growth (bone surface growth). Endochondral growth is 
responsible for longitudinal bone growth. Peripheral (transverse) bone growth is achieved 














periosteum. Figure 1-21 gives an illustrative representation of both growth processes and 
their respective growth direction. More specifically, the spinous and articular processes 
ossification centers (1) are involved in the posterior element growth and are typically 
closed by age 12 [62]. The neurocentral cartilage (2), also known as the neurocentral 
junction, exhibits a bilateral growth pattern contributing to pedicular growth and well as 
parts of the posterior vertebral body wall at the junction site and undergoes full ossification 
and closure by 12 years of age [62]. The superior and inferior growth plates contribute to 
longitudinal vertebral growth similar to long bone growth at the epiphyses. The epiphyseal 
growth plate is fully closed at maturity. Appositional, a.k.a. peripheral, bone growth is 
achieved through intramembranous ossification via the actions of osteoclasts, 
osteoblasts, and osteocytes at the periosteum [61]. Apposition persists throughout life 
through the process of modelling and remodeling. This section will focus on endochondral 
longitudinal growth. 
 
Figure 1-21: Appositional (Left) and endochondral (right) growth. Arrows indicate growth 
direction and wavy lines illustrate ossification centers (Modified from [4]) 
Endochondral growth is a complex process involving chondrocytes proliferation and 
differentiation, hypertrophy, matrix mineralization, and chondrocyte apoptosis. Each 
individual process is regulated by systemic hormones, locally produced growth factors, 
and gene expression. These regulatory activities are involved in a complex metabolic loop 
spanning beyond the scope of this thesis; however, a brief description warrants 
appreciation to the elaborate growth feedback signaling loop (APPENDIX A). 
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3a. General Characteristics of a Vertebra
 
A typical vertebra consists of two essential parts—viz., an anterior segment, the body, and a posterior part, 
the vertebral or neural arch; these enclose a foramen, the vertebral foramen. The vertebral arch consists 
of a pair of pedicles and a pair of laminæ, and supports seven processes—viz., four articular, two 
transverse, and one spinous.
   1
FIG. 82– A typical thoracic vertebra, viewed from above. (See enlarged image)
 
  When the vertebræ are articulated with each other the bodies form a strong pillar for the support of the head 
and trunk, and the vertebral foramina constitute a canal for the protection of the medulla spinalis ( spinal 
cord), while between every pair of vertebræ are two apertures, the intervertebral foramina, one on either 
side, for the transmission of the spinal nerves and vessels.
   2
 
Body (corpus vertebræ).—The body is the largest part of a vertebra, and is more or less cylindrical in 
shape. Its upper and lower surfaces are flattened and rough, and give attachment to the intervertebral 
fibrocartilages, and each presents a rim around its circumference. In front, the body is convex from side to 
side and concave from above downward. Behind, it is flat from above downward and slightly concave from 
side to side. Its anterior surface presents a few small apertures, for the passage of nutrient vessels; on the 
posterior surface is a single large, irregular aperture, or occasionally more than one, for the exit of the 
basi-vertebral veins from the body of the vertebra.
   3
 
Pedicles (radices arci vertebræ).—The pedicles are two short, thick processes, which project backward, 
one on either side, from the upper part of the body, at the junction of its posterior and lateral surfaces. The 
concavities above and below the pedicles are named the vertebral notches; and when the vertebræ are 
articulated, the notches of each contiguous pair of bones form the intervertebral foramina, already referred to.
   4
 
Laminæ.—The laminæ are two broad plates directed backward and medialward from the pedicles. They fuse 
in the middle line posteriorly, and so complete the posterior boundary of the vertebral foramen. Their upper 
borders and the lower parts of their anterior surfaces are rough for the attachment of the ligamenta flava.
   5
 
Processes.—Spinous Process (processus spinosus).—The spinous process is directed backward and 
downward from the junction of the laminæ, and serves for the attachment of muscles and ligaments.
   6
 
Articular Processes.—The articular processes, two superior and two inferior, spring from the junctions of the 
pedicles and laminæ. The superior project upward, and their articular surfaces are directed more or less 
backward; the inferior project downward, and their surfaces look more or less forward. The articular surfaces 
are coated with hyaline cartilage.
   7
 
Tr nsverse Processes (pr cessus transversi).—The transv rse processes, two in number, project one at 
either side from the point where the lamina joins the pedicle, between the superior and inferior articular 
processes. They serve for the attachment of muscles and ligaments.
   8
 
Structure of a Vertebra (Fig. 83).—The body is composed of cancellous tissue, covered by a thin coating of 
compact bone; t e latter is perf rated by numerous orifices, some of large size for the passage of vessels; 
the interior of the bone is traversed by one or two large canals, for the reception of veins, which converge 
toward a single large, irregular aperture, or several small apertures, at the posterior part of the body. The thin 
bony lamellæ of the cancellous tissue are more pronounced in lines perpendicular to the upper and lower 
surfaces and are developed in response to greater pressure in this direction (Fig. 83).  The arch and 
processes projecting from it have thick coverings of compact tissue.
   9
FIG. 83– Sagittal section of a lumbar vertebra. (See enlarged image)
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The growth of the disc is ambiguous at most and it is believed to occur as a by-product of 
ECM matrix synthesis and cell division. The works of Stokes [65] concluded that vertebral 
growth predominates IVD growth with the latter contributing to virtually zero growth by the 
age of 12. 
Spinal growth changes over time and occurs in three phases. By the age of 5, sitting 
height occupies 66% of its final height with 30 cm of residual growth. There is little growth 
in sitting height (2 cm) during the second phase (5-10y). The third phase corresponds to 
puberty with diverging patterns between girls (11y) and boys (13y) where remaining sitting 
height increases by 12 cm (boys) and 13 cm (girls). Particular to puberty, an accelerated 
growth phase (11-13 bone age, girls, 13-15 bone age, boys) is marked by lower limb 
growth arrest with 4.5 cm in sitting height residual gain until maturity [66], [67]. The 
epiphysis ossifies at bone maturity and fuses to the metaphysis.  
As will be detailed in further sections, it is imperative to identify the peak growth phase 
when attempting to treat pediatric spinal disorders. Clinicians rely on anatomic landmark 
to estimate remaining or the onset of peak growth. Risser sign [68] forms the predominate 
indicator with Risser 0 to 1 indicating peak growth onset has not begun with little to no 
remaining growth for Risser 1-5. Other anatomic indicators relies on the Sauvegrain 
method which assesses the elbow growth plate as it closes before the onset of peak 
growth [66], [69]. The Greulich-Pyle method relies on an atlas of hand and wrist 
radiographs of males and females until maturity with corresponding traits correlated to 
actual age. The method is relatively fast; however, its application to genetically diverse 
patients may induce variations in actual bone age identification [70]. Notably, the Tanner 
and Whitehouse method [70] relies on the evaluation of 20 regions of interest within the 
epiphyseal growth plates of the fingers. The method is accurate, though time-consuming. 
Moreover, the ribs include growth plates responsible for its development and expansion. 
The cage volume is 6% at birth, 30% by 5y, 50% by 10, and 100% at skeletal maturity. 
Although at 30% volume at the age of 5, it occupies 66% of its final height [67].  
Porcine growth plates are devised similarly to humans with a reserve, proliferative, and 
hypertrophic zone [71]–[73], exhibiting the same functional characteristics as human 
growth plates. Additionally, growth response to invoked stresses follows similar trends 
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[74] (Section 1.3.4). Although pig growth is not as well documented as humans, these 
animals display an accelerated and reduced growth phases. In more detail, porcine daily 
growth is accelerated between the age 1 to 4 months and sees a reduction afterwards to 
a full arrest after 12 months age [75] (Figure 1-22). Quoted in numbers, Landrace pigs 
(typically explored in spinal research) grow at a rate of 0.4cm/vertebrae between 3-6 
months of age, thereby reduced to 0.5cm over the next 5 months [76]. Conversely, no 
available documentation described the growth of the porcine ribcage. 
 
Figure 1-22: Pig growth as a function of age (Adopted from [75]) 
1.3.4 Growth Modulation 
Many of the factors governing bone growth play an inherent role in bone growth 
modulation. These factors include: Parathyroid hormone-related peptide, Indian 
hedgehog, transforming growth factor-𝛽. Other factors, such as insulin-like growth factor, 
Vitamin D, and vascular endothelial growth factor (VEGF, role still unidentified), are also 
involved in growth rate regulation. Factors tampering growth rate also include hormonal 
abnormalities, toxic agents, and growth plate injuries. Maturation of chondrocytes is also 
identified by physical and biochemical changes occurring in the temporal and spatial 
patterns imposed on these cells. These changes invoke growth rate alteration through 
principles of mechanotransduction. Otherwise said, mechanical loading alters GP growth 
rate. Mechanotransduction pathways postulations include membranous 
mechanoreceptors, specific mechanotransduction membrane proteins, molecular 
idiopathic-like scoliosis animal model fulfilling all set re-
quirements using a posterior tether. Key aspects that require
consideration include tether anchoring technique, the po-
tential need for additional rib procedures, tether material,
and species selection (regarding timing of the procedures
and overall comparative anatomy).
Stable tether fixation is commonly achieved by anchor-
ing the tether at two adjacent levels, which can be inten-
tionally fused. Advances in the procedural technique have
led to the omission of rib procedures; Schwab et al. have
first shown that rib resection is not required, and Odent
et al. have later shown that the rib tether may also be omit-
ted when sufficient tether offset from the spinal midline is
maintained. A flexible tether is preferred over a rigid tether
to only attain growth modulation in the desired planes (lor-
doscoliosis), while maintaining maximum spinal mobility
to prevent unintended fusion from occurring. A persistent
deformity can be attained in approximately 12 weeks when
the deformity has approximately doubled in value as com-
pared with the postoperative measure because of vertebral
body wedging.
Regardless of which approach is used, the testing of fu-
sionless scoliosis correction devices can be performed in
whatever large animal species is deemed appropriate. How-
ever, the degree of success (measured by the final Cobb an-
gle of the deformity) depends on a number of aspects; the
timing of the first intervention in relation to age, the post-
operative Cobb angle, and the magnitude of the growth ex-
pected during the follow-up period in the chosen species.
Using the two-step approach, the timing of the interven-
tions becomes very crucial and requires serious planning.
The first intervention (posterior tether or fusionless spine
implant placement) is ideally performed in young animals
as soon as is deemed safe to exploit as much of the early
growth phase as possible. Growth curves normalized by
mature body weight for some specific breeds of pig, sheep,
goat, and the minipig are shown in Fig. 3 to illustrate the
onset of the growth spurt. For the shown breeds of sheep,
pigs, and goats, the maximum growth velocity occurs at
around 3 to 4 months of age and growth velocity declines
afterward. Generally, the animals in the reviewed articles
were operated on at an age of around 1 to 2 months old, just
before the onset of the early growth spurt, with no recurrent
issues regarding instrumentation breakout. Using the two-
step approach, the corrective intervention must take place
with enough growth potential remaining. About 80% to
90% of the expected growth (by weight) has already oc-
curred in the goat, sheep, and pig by the age of approxi-
mately 9 months necessitating early intervention and
limiting the time available to create and subsequently cor-
rect a deformity in these animals. Minipigs show a much
more constant growth velocity and continue to grow over
a longer period. The use of minipigs may provide a solution
if this time window is not deemed long enough.
In terms of magnitude, pigs show the largest growth po-
tential with spinal length increasing from approximately 25
cm in 1-month-old animals to 75 cm in 6-month-old ani-
mals. A calf spine is representative of the adult human
spine at 6 to 8 weeks of age but grows very quickly, reach-
ing 270 cm at adulthood [43]. Therefore, the calf spine is
not consi ered a relevant model for testing fu ionless spine
implants designed to treat AIS. The large magnitude of
growth seen in the pig is the reason why it is often used
as the test subject, but it also has its disadvantages. The
tether fixation must be able to accommodate the large load
changes encountered during the rapid growth phase. A solid
tether anchor was attained by intended fusion of two levels
in the studies by both Schwab et al. and Odent et al. Fur-
thermore, the rapid weight gain (60–70 kg at 6 months of
age) seen in the domestic pig may pose handling problems.
Fig. 3. Body weight (BW) and average daily growth curves expressed as percentage of the maximum BW for Gӧttingen minipig, Yorkshire pig, Young Hair
goat, and Suffolk sheep. Growth curves acquired from Gompertz or Richards growth function as determined in the literature (minipig [51], Yorkshire pig [52],
Young Hair goat [53], and Suffolk sheep [54]).
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pathways, ion channels, growth factors and systemic hormones [59]. In the context of this 
thesis, focus will be attributed to mechanical growth modulation.  
Mechanical growth alteration is described by the Heuter-Volkmann principle [77]. As 
postulated, growth can be retarded by increasing compression or accelerated by reducing 
compression forces with respect to normal physiological loading. The principle has been 
explored in several experimental settings in an attempt to find a mathematical correlation 
between growth rate and imposed forces with compression, distraction, torsion, and shear 
loading environments [74], [78]–[85]. Findings from these investigations support the 
Hueter-Volkmann principle; however, growth plate and rate responses vary with loading 
strategies. Under controlled torsional loading, Moreland observed that shear forces 
altered epiphyseal plate columnar orientation without affecting cellular thickness or growth 
rate [86]. Their results agreed with earlier experimental findings by Arkins [85] suggesting 
columnar reorientation was a repercussion of mechanical torsion on an otherwise soft 
growth plate. The extensive research by Stokes et al. has demonstrated a strong 
correlation between applied loads and growth patterns. With a custom apparatus, 
asymmetrical loads were applied on rat tails with resultant asymmetrical growth patterns 
suggesting growth retardation which was then reversed by reversing load application, 
indicative of unimpaired growth. Growth rate variations were associated with alterations 
in growth plate zonal and chondrocyte heights reflected as a reduction in cellular 
enlargement in the hypertrophic zone. Other factors included the number of proliferative 
cells, proliferation rate, and matrix synthesis [64], [81], [84]. Moreover, tensile loads 
resulted in less growth modulation than compressive forces [74] (Figure 1-23) with 
complication including premature GP closure under tensile loads [78]. Stokes’s findings 
were then translated into a well-established empirical relationship correlating growth rate 
with growth plate stress modifications. 




Figure 1-23: Growth rate alterations as a function of applied load on vertebral growth plates of 
various species (Modified from [74]) 
In equation (1), G is the actual growth and Gm corresponds to normal (unaltered) growth 
rate, both of which are expressed in mm/year. 𝜎 and 𝜎& represent actual and normal 
physiological compressive stresses in MPa. 𝛽 is the growth sensitivity factor (MPa-1). Data 
leading to this empirical correlation indicate its consistent appropriateness regardless of 
species or growth plate location (vertebra vs long bone), suggesting it can be transferred 
to investigate growth responses in human applications or large quadrupeds. Specific 
changes to 𝛽 may be required as the sensitivity of vertebral versus tibial to applied stress 
may vary between 0.4 and 2.4 MPa-1 [74]. Moreover, discrepancies in distraction loading 
were noted suggesting the numerical relation may be most reliable for compressive 
applications to award interspecies transfer. 
Other studies have investigated the effects of dynamic versus static compressive loading 
on growth resumption and GP histomorphometric alterations. Ohashi et al. have shown 
that growth is recovered one week after dynamic axial load removal on growing rat ulnae 
[83]. Valteau et al. assessed the effect of controlled dynamic versus static compression 
and concluded dynamic average stress resulted in similar growth rate modulation than 
static regimes with dynamic loads reflecting less detrimental changes to the GP [84]. In 
recent in vivo analyses, Ménard et al. have shown growth reduction by increasing the 
frequency or the amplitude of dynamic compression without histomorphometric changes 
to the epiphyseal growth plates of rat tails. However, changing the frequency and 
mechanical stimulus required for bone remodeling
(Wolff’s law), where the cyclic loading is thought to
provide the mechanical stimulus.23
The rate of endochondral growth in different
growth plates has been found to depend on a
combination of differing number and rate of
proliferation of proliferative-zone cells and differ-
ing amount of cell enlargement and matrix synth-
esis in the hypertrophic zone.24–26 Sustained
mechanical loading in this rat model (both verteb-
ral and tibial growth plates) altered these para-
meters of growth plate activity,18 but the exact
mechanisms of growth regulation and its mechan-
ical modulation are unknown.
The magnitude of the sustained stress imposed
in these experiments (up to nominally 0.2 MPa of
compression) was comparable with the alterations
in the stresses acting on human growth plates in
deformities such as scoliosis and tibia vara.
Estimates of the normal physiological stresses
acting on human vertebral end plates27 are in the
range 0.8 to 0.9MPa, with differential compressive
stress associatedwith the scoliosis curvature on the
order of !10% of the total stress,28 that is, about
0.1 MPa. Cook et al.3 estimated that tibia vara
increases the stress on the medial side of the tibia
by up to 5 MPa, but this is likely an overestimate
because of many simplifying assumptions about





















































Figure 2. Relationship between applied stress and the percentage alteration in
growth (relative to control) for the gr wthplates at woanatomical sites. Th meanvalues
from provisionally five animals are plotted. In each case, the mean values obtained from
sham animals were subtracted (hence, all mean values at 0 MPa are zero).
Table 4. Growth-Rate Sensitivity t Stress (the Gradient of the Growth–Stress





(Percent per 0.1 MPa)
SE of Gradient
Estimate
Calf tail vertebra 19.7 4.8
Younger rat tail vertebra 13.0 1.9
Older rat tail vertebra 14.1 3.0
Calf proximal tibia 23.9 2.6
Young r rat pro imal tibia 9.2 2.0
Older rat proximal tibia 15.1 1.9
Younger rabbit proximal tibi 14.7 2.6
Older rabbit proximal tibia 19.9 2.9
The gradients were significantly different between anatomical locations (vertebrae vs. proximal
tibiae), butwithin each locationgradientswerenot different between species, or for younger vs. older
animals).
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amplitude concomitantly altered growth plate integrity [87]. Furthermore, static 
compression affected the structural integrity of the intervertebral disc indicating dynamic 
compression favour disc health preservation [88] with removal of both static and dynamic 
loads re-establishing growth, indicating a phenomenon of “catch-up” growth [89]. 
Nonetheless, evidence of force threshold below which bone growth would not be 
stimulated is yet to be elucidated [61] with prospective applications of dynamic in vivo load 
for human application yet to be fully elaborated. 
Other numerical correlations have been postulated for the growth plate response to 
external stimuli. Carter’s model related octahedral stresses to promoting endochondral 
ossification while hydrostatic stresses to promoting preservation of cartilaginous tissue. 
The model is limited as the growth direction is not accounted for, with underestimation of 
growth modulation under compression loads [90]. The model also considers multi-axial 
loading, which was previously shown not to affect the growth response with torsional (off-
axis) loads. Otherwise, Frost suggested that growth modulation was a function of chondral 
growth force response curve, which indicates a threshold should be exceeded for 
compressive loading to retard growth (Figure 1-24) [91]. Frost’s chondral growth factor 
response curve (CGFRC) suggests that compressive forces could lead to accelerated 
growth (similar to distraction forces) until a loading threshold is reached, beyond which 
growth is decelerated. In a recent preliminary numerical model, it was shown that the 
lumbar growth follows the CGFRC rather than Hueter-Volkmann principle as the later only 
explains progressive growth modulation and does not account for unresponsive or auto-
corrective situations [92]. However, the study requires further in vivo analyses to establish 




Figure 1-24: Chondral growth force response curve (Modified from [92]) 
1.4 Scoliosis 
Scoliosis is a complex disease that manifests itself in the coronal, sagittal, and transverse 
anatomical planes, which can be differentiated into several types depending on the nature 
of its etiology. Congenital and idiopathic scoliosis are most common incidences. 
Neuromuscular scoliosis and neurofibromatosis are other occurrences; however, they 
represent a small fraction of the observable characteristics of this spinal musculoskeletal 
condition. Idiopathic scoliosis (IS) affects 80% of the 2-3% scoliotic occurrences in the 
population [93]–[97]. Adolescent idiopathic scoliosis (AIS) affects 70-80% of IS patients 
[93], [96], [97] with its etiology still to be elucidated. 
Several geometric parameters characterize scoliosis’s severity. One of the most 
prominent measured indices is the Cobb angle, which is used to determine the angle of 
the spinal curvature at its inflection points (Figure 1-25). The method was originally 
developed by Cobb [98] to identify guidelines for scoliosis classification using radiographic 
films. Advancement in spinal 3D reconstruction techniques have shed new insights onto 
the three dimensional aspect of the deformity requiring further identification of new 
measurement indices to help surgeons better target treatment strategies [99], [100]. In a 
recent prospective study, Nault et al. have identified 3D parameters differentiating 
between progressive and non-progressive curve for similar age and Cobb angles [101]. 
Likewise, by analysing the “Plane of maximum curvature (PMC)” (the maximum 3D plane 
within the points of inflection of the curvature), 3D structural differences were evidenced 
between patients presenting similar 2D Cobb angles [102], further emphasizing the 
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30 children with type A collapse where the VEP of the 
fusion mass were under compression.
 2. CGFRC predicts that the initial response to compres-
sion will be an accelerated growth response. The same 
response is also seen with distraction forces. Increased 
growth was found in two situations—in type A col-
lapse where the VEP was under compression and in 
type D collapse where the VEP was under tension. 
The growth velocity in compression situation was 
10 times or more than in distraction. This is totally 
against the postulations of HVL.
 3. HVL leads to a vicious cycle theory and does not al-
low provision for spontaneous correction by mechani-
cal modulation of growth. In type A collapse at the 
time of cure of the disease, there is a deformity with 
a wedge-shaped fusion mass. There is an accelerated 
growth response selective to the anterior parts of the 
VEP to achieve spontaneous correction. GM changes 
like this are appropriately explained by CGFRC.
 4. HVL proposes a linear relationship between force and 
growth response. However, in clinical observations, 
a nonlinear response is seen similar to that proposed 
by CGFRC. In the initial stages of compression, there 
is an ascending limb of growth (in type A collapse), 
which slowly tapers off to a plateau (as in type B 
collapse) and followed by total suppression (as in type 
C collapse).
Our study has identifi ed both favorable and unfavorable 
GM changes. We have also proved that facet joint dislocation 
is the event that shifts the GM from favorable to unfavorable 
direction, probably by escalating the unit loads on the VEP 
beyond the peak loading point of CGFRC.
CONCLUSIONS
This study is the fi rst in the current literature to study the 
biomechanical forces in collapse models of lumbar spine FEM 
and correlate it with GM changes observed clinically over 15 
years in children with PTK. Our observations suggest an ex-
citing possibility of GM of not only arresting but also cor-
recting spinal deformities by creating appropriate mechanical 
environment. Although the FEM in our study has given only 
the qualitative and not quantitative data of the actual stress 
in vivo, it is still valuable, as it has substantiated that growth 
of VEP behave according to CGFRC and not HVL. It has 
proved that dislocation of the facet joint can increase the con-
tact forces by 16 times when it is at one level and by nearly 
40 times when it is at two levels. By proving that facet joint 
dislocation determines whether the GM Changes are favor-
able or unfavorable, it has identifi ed it as an important clinical 
indication for surgical stabilization.
Figure 9. The Chondral Growth Force Response Curve (CGFRC) as 
proposed by Frost. The horizontal axis plots unit loads on the growth 
plate, which can be either in tension (T), on the left, through zero to 
compression (C) on the right. The vertical axis plots growth in terms of 
millimeters per year. Increase in growth is either present when the unit 
loads are in tension (T) or in the growth-ascending limb (GAL) during 
the initial stages of compression. Growth can reach a plateau when 
compressive stress reaches peak loading point (PL) after which growth 
can completely stop. Beyond the peak, there is a “growth descend-
ing limb,” where increasing unit loads causing compression would 
progressively retard growth, and large enough loads can stop growth 
completely.
± Key Points
   The mechanical basis of GM could be reliably studied 
by FEM analysis by producing collapse models identi-
cal to those observed clinically in childhood posttu-
bercular kyphotic deformities.
  Growth characteristics of VEP follow the nonlinear 
relationship of CGFRC. Accelerated growth response 
was not only present in tension but also during 
compression till a particular threshold is reached. 
This provides a window of opportunity to modulate 
growth to achieve spontaneous correction.
   The clinical event that shifts the load beyond the 
peak loading point of CGFRC was facetal dislocation, 
and it formed an important indication for surgical sta-
bilisation to prevent progression of deformity.
   The study has established clearly a qualitative basis 
of mechanical growth changes of spontaneous im-
provement or deterioration in kyphosis. However, the 
correlation established has been only qualitative and 
further studies are required to identify quantitatively 
the in-vivo forces and threshold levels.
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importance of analysing the multidimensional aspect of the complex structural and 
morphological changes in scoliotic spines.  
 
Figure 1-25: Scoliosis viewed from the back and Cobb angle measurement (Modified from: 
http://www.kwikfit4u.com/wp-content/uploads/2014/07/scoliosis.jpg on 02/10/2015) 
With the inherent three dimensional nature, it becomes evident to evaluate the axial 
rotation of segmental vertebrae. Wever et al. have shown a distinct rotation of the apical 
vertebrae with vertebral bodies oriented towards the convexity of the deformity [99]. This 
peculiar aspect of the deformity explains the presence of the rib hump (Figure 1-26) 
resulting in self-image acceptance hurdles in adolescents, leading to reduced lung 





Figure 1-26: Transvers view of the trunk illustrating the differences between normal and scoliotic 
spines (http://rad.washington.edu/about-us/academic-sections/musculoskeletal-
radiology/teaching-materials/online-musculoskeletal-radiology-book/scoliosis/ on 01/03/2016 
(Left) and [96] (Right)) 
1.4.1 Scoliosis pathogenesis and pathomechanism 
Scoliosis pathomechanism was proposed through different concurrent theories. 
Progression risk factor can be summarized as: curve patterns, severity of the curvature at 
peak growth (11-13y girls, 13-15 boys), Risser sign (indicator of skeletal maturity), 
progression history, and gender.  
The spine exhibits an inherent dorsal shear load at the thoracolumbar junction (Figure 
1-12) contributing to the rotational instability created by the inactivation of the facet joints. 
Adding to the inherent pre-existing vertebral rotation (to the right) in humans, these shear 
loads shift the mechanical environment to a state of unbalance [44], [128]. More 
specifically, this rotational instability results in asymmetrical loading in all three anatomical 
planes. The excess loads on the neurocentral cartilage causes asymmetrical growth 
patterns between the left and right pedicles (Hueter-Volkmann principle). In vivo trials on 
immature pigs have shown that disruption of the neurocentral joints using unilateral 
pedicle screws resulted in consistent scoliosis-like deformity [129], [130]. Though, FEM 
resulted in contradictory outcomes implying differential pedicle growth alone in 
well as the Babinski test. Abdominal reflexes obtained by
stroking the four quadrants around the umbilicus in a
supine patient (umbilicus moving toward the stroked side is
normal) should be completed. Abnormal examination may
indicate an intraspinal disorder such as syringomyelia.
When examining the back of a patient with suspected
scoliosis, the evaluator should inspect the shoulders and hips
for asymmetry. Significant leg length discrepancies, quickly
judged by feeling the top of the iliac crests or the level of the
dimples made by the posterior-superior iliac spines, can cause
an oblique spinal take-off from the pelvis, which results in
spinal curvature. The classic screening test for scoliosis, the
forward bending test, is finally performed by having the
patient bend forward at the waist with knees straight and
palms together (Figure 1) (1,8). The examiner should look
for any asymmetry in the contours of the back resulting from
the rotation l eformity of the spine (9). In clas ic thor cic
scoliosis with the apex of the curve to the right, the patient’s
right side is prominent. While this is most easily seen in the
thoracic spine, it is important to look in the lumbar region
for prominence as well. The inability to perform this test due
to pain in the back or hamstring tightness can suggest other
pathology, including mechanical back pain, disc herniation,
spondylolysis or infection.
IMAGING EVALUATION
Once scoliosis is suspected, a standing posterior-anterior
radiograph should be obtained. These films are taken on a
three-foot cassette if possible. Further plain radiograph imag-
ing is beyond a screening examination and should be deter-
mined by the orthopaedic surgeon. Besides examining the
curve itself, careful attention should be paid to the vertebral
bodies on the radiographs. There should be two pedicles at
every level and there should be rotation of the spine, with
the apex of the curve having the most rotation. Remember,
true scoliosis is not only a deformity in the coronal plane but
is also a rotational deformity. A scoliotic curve without
rotation should be investigated for other causes, including
bony tumours (osteoid osteoma), intraspinal pathology
(syringomyelia and masses) and nerve root irritation.
If back pain is present, a lateral radiograph of the spine
including the lumbosacral region should be obtained to
look for vertebral abnormalities associated with diagnoses
such as spondylolysis (an idiopathic fracture of the posterior
elements of the vertebral body), spondylolisthesis (a slip-
ping forward of one vertebral body on the adjacent one),
infection or bony destruction. Further imaging for patients
with scoliosis and back pain may include a bone scan or a
magnetic resonance imaging (MRI) test. These imaging
modalities are beyond screening examinations and are usu-
ally obtained by the treating surgeons.
An MRI is not needed for most patients with AIS;
although this is somewhat controversial. Some treating
centres automatically request an MRI for any patient with
scoliosis. However, an MRI is most likely to be useful for
patients younger than 10 years of age at presentation (juve-
nile and infantile scoliosis) (10,11), those with left thoracic
curves (11) and those with an abnormality on neurological
examination.
TYPES OF SCOLIOSIS
Congenital scoliosis is due to skeletal abnormalities of the
spine that are present at birth. These anomalies, which can
include multiple levels, are the result of and broadly classi-
fied as a failure of formation or a failure of segmentation (or
both) during vertebral development (Figure 2). Because
these spinal deformities are present in utero, they are often
first identified on fetal ultrasound (12). Organ systems that
develop at the same gestational time (fifth to sixth week)
may also demonstrate abnormalities in up to 60% of cases
(13,14). Thus, it is important to identify associated
anomalies with a thorough evaluation of the neurological,
cardiovascular and genitourinary system, including a good
neurological and cardiac physical examination, an abdomi-
nal ultrasound and an echocardiogram. Treatment is based
on the age of the patient, progression of the curve, and the
location and type of anomaly. The options for surgical
Scoliosis: Review of diagnosis and treatment
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Figure 2) Congenital scoliosis – computed tomography depicting a
hemivertebrae
Figure 1) Photograph of a patient with idiopathic scoliosis upright (A) and
forward bending test (B). Note the rotational asymmetry of the back 





adolescents does not produce vertebral wedging nor scoliosis [131]. As the neurocentral 
joint fuses by the age of 10 (before adolescence and the onset of peak growth) and the 
inconsistent results as to the role of this junction in deformity progression, these findings 
do not necessarily confirm scoliosis pathomechanism theories but rather a pedicle 
remodelling phenomenon, referred to as “bone drift” [128] secondary to the deformity. 
Nault et al. have shown that relative differences in apical vertebral rotation and plane of 
maximum deformity were present between progressive and non-progressive AIS, with 
progressive patients more hypokyphotic [101]. Differences in shear loads may occur 
between kyphotic and hypokyphotic curves, further relating to the underlying role of shear 
loads on the progressive nature of this deformity. 
The correlation between spinal growth and the progression of scoliosis is strongly 
dependent on the extent of the initial curve [95]. The associated growth plate stresses on 
a normal spine (0.8-0.9 MPa [31]) were found to differ from those of a deformed spine. In 
the latter, growth plate stress differences (0.7 MPa, convex, 1.3MPa, concave) were found 
when the spine was subjected to 1010N, 2 mm laterally offset compressive load [38]. As 
such, normal growth is disrupted (Hueter-Volkman principle) resulting in a wedged 
vertebrae locally, and a deformed spine globally, in turn, increasing asymmetrical load in 
a “vicious cycle” [77] (Figure 1-27). Symptomatic vertebrae are normally wedged in the 
coronal plane suggesting either an IVD adaptation in the sagittal plane or load asymmetry 
absence in that plane [100]. Growth modulation and the “vicious cycle” explain the risk of 
progression at peak growth with greater growth modulation for larger curves [65]. A 
retrospective study on 56 patients followed for 5 years indicated that 31.5° Cobb at peak 
growth velocity is a predictor for eventual corrective surgery [132]. Asymmetrical loads 
explain theories involving dorsal shear force instability, relative anterior spinal overgrowth, 
and repetitive asymmetrical muscle activity and gravitational forces, where a combination 
of these concepts, in conjunction with growth modulation, reflect pathomechanisms purely 
of mechanical source. However, these concepts do not discern between progressive and 
non-progressive curves. Moreover, the principle of Hueter-Volmann disregards the 
contribution of the IVD in scoliosis progression. It was noted the latter, as a soft tissue 
ending its natural growth before the onset of peak growth, adapts to load variations within 
a curved spine, taking a wedged form similar to vertebrae [133]. In a recent study, 
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Schlösser et al. have shown the important contribution of the IVD in the three dimensional 
deformity of the spine further emphasizing the adaptive nature of this soft joint [134]. 
However, extensive research is required to further understand the interplay between the 
intervertebral disc, vertebral growth, and scoliosis progression. 
 
Figure 1-27: Vicious cycle for scoliosis progression pathomechanism 
With the complex biomechanical contributors to the progressive nature of this disease, it 
is imperative to bare in mind the implications for treatment strategies aiming at correcting 
morphological changes within the spine and further the development of novel corrective 
strategies.   
1.4.2 Treatment 
Treating scoliosis is dependent on the type of the disease, the degree of maturity of bone, 
and the Cobb angle [93]–[95], [135]. Table 1 summarizes scoliosis treatment strategies 
evaluated by the Cobb angle method. For small curves, clinicians routinely monitor the 
deformity for signs of progression. For moderate curves, bracing is recommended (Figure 
1-28) whereas for severe curves, invasive spinal surgery is required to limit the evolution 









Table 1-3: Conventional scoliosis treatment strategies 
 
Orthotics are recommended as a means to halt the progressive nature of the deformity 
before skeletal maturity. In the past decade, investigators focused on evaluating the effect 
of bracing on halting or even correcting scoliosis. More specifically, bracing was shown to 
be successful at preventing curve progression [135]–[139] with success rate correlating 
with wearing time [135]. Patients are required to wear their brace for 23h/day posing 
issues with compliance, quality of life, and self-image. Reduced curve progression and 
reduced referral to surgery were observed for more compliant patients [140]. In a recent 
study, Negrini et al. have shown that, despite the brace’s positive outcome in preventing 
curve progression, quality of life was unchanged during the treatment phase [138]. Using 
a self-appearance questionnaire, Misterska  et al. concluded that wearing time correlated 
significantly with body shape perception with psychological impairment more prominent 
for late adolescent patients [141]. In a review, it was outlined that brace treatment is 
recommended for AIS patients presenting curves between 25°- 35° with effectiveness in 
larger curves (35°-45°) strongly related to wear time [142]. Nonetheless, these orthotics 
manage to reduce the progression of the deformity in favor of delaying the onset of 
surgical intervention [135], [136], [140]. Although effective in stopping curve progression, 
current braces are not personalized to patients’ three dimensional geometries. Recent 
investigations focus on integrating finite element modeling to explore optimal orthotics 
designs with minimal materials and skin surface contact [143]–[147]. Via these numerical 
tools, braces can be personalized, design parameters can be tested such as strap tension, 
padding locations and thickness, positions of opening, and among other parameters 
suited to maximize patient’s comfort and 3D correction. Aubin et al. showed that a 
“NewBrace”, designed and optimized to the patient’s spine and torso geometries using 
CAD and FEM, was more effective than a standard brace with 32% less contact surface 
[147]. These promising results encourage the merger between numerical modeling and 
clinical applications of orthotics. 
Cobb Angle Treatment
...  20  No treatment, routine followups
20  ...  40  Bracing (orthotics)




Figure 1-28: Patient treated with a standard brace (Modified from [146]) 
For progressive severe curves, the conventional approach to halting curve progression 
and correcting the deformity relies on spinal instrumentation and fusion. The spine is 
realigned via a system of metal rods, pedicle screws and hooks, invasively reducing spinal 
mobility. Here, spinal fusion involves joining multiple vertebral segments to form a solid 
bone structure, also referred to as segmental spinal arthrodesis. Surgery is typically 
performed after skeletal maturity. However, if a curve presents progressive signs which 
may pose complications before the intervention, surgeons operate by arresting anterior 
spinal growth to prevent anterior overgrowth (the crank shaft phenomenon) [148], [149]. 
This complex procedure involves various instrumentation choices (rod type and diameter, 
levels to instruments, etc…). Aubin et al. have reported that, for the same case, 
instrumentation strategies differed between surgeons depending on their personal 
preferences, correction goals, amongst other factors [150]. Moreover, the general aim is 
to realign the spine with minimal post-operative complications. Despite the common use 
of the procedure for large curves, it is an invasive and costly approach [151]. 
vertebra translation (AVT) was computed as the most distant vertebra
position from the Z axis for each scoliotic curve. The thoracic and TL/L
Cobb angles, kyphosis and lordosis angles additionally were comput-
ed. The balance was deﬁned as the distance between T1 and the
central sacral vertical line (CSVL) and measured using the 3D recon-
structions. For the simulation, the reaction force at T1 was computed
to estimate the counterforce necessary to sustain the balance.
3. Results
The detailed results for one case (P1) are presented in Fig. 3 and
Table 1. The bi-planar X-rays as well as the spinal shape in the coronal
and sagittal planes are presented out of brace (initial curve), in brace
(NewBrace and StdBrace), as well as the simulated spinal shape. The
average difference between the predicted and the NewBrace spine
Table 1
Initial (out of brace), measured and calculated clinical indices for the brace simulation (Sim), the fabricated NewBrace system (New) and the StdBrace system (Std) of the patients.
Patient Thoracic Cobb (°) Thoraco-lumbar/lumbar
Cobb (°)
Kyphosis (°) Lordosis (°) Balancea








P1 30 11 10 7 20 9 13 10 45 41 32 24 50 52 25 22 9 −7 0 −7
P2 49 32 32 20 39 30 23 13 27 25 14 18 25 26 16 8 −29 −1 −4 −1
P3 − − − − 19 4 13 11 37 35 24 25 25 29 21 17 −30 −2 4 −8
P4 32 13 23 22 37 −6 −7 9 29 31 19 16 27 28 16 14 2 −19 −18 −13
P5 19 11 14 7 16 6 6 15 7 6 6 11 23 28 16 25 −6 −8 −11 −10











































a The side of the offset is represented by the sign, negative is left and positive right.
Fig. 3. Radiographic results for patient P1 out of brace (Initial), with theNewBrace andwith the StdBrace and the resulting spinal shape in the postero-antorior and lateral views ( out of
brace, NewBrace, StdBrace, Simulation prediction).




Figure 1-29: Before (left) and after (right) radiograph examples of spinal instrumentation 
1.4.3 Fusionless devices 
Recent interest has shifted towards minimally invasive fusionless AIS treatment strategies 
that harness residual vertebral growth. As previously mentioned, growth can be 
manipulated by changing the loading on the vertebral growth plate (Hueter-Volkmann 
principle). As such, fusionless devices attempt to reshape wedged vertebrae to their 
normal geometries, over time, and realign the spine while maintaining segmental mobility 
[152] without resorting to invasive surgery [153] (Figure 1-30).  
 
Figure 1-30: Compression-based fusionless implant's cycle of deformity correction 
Different techniques exist depending on their mode of action: compression, distraction, or 



















concave-convex growth. Fusionless surgery is suitable for patients with remaining growth, 
and was suggested as an alternative to non-compliance to bracing. Fusionless techniques 
differ according to their objective; these can be used to delay fusion for early onset 
scoliosis, to avoid pulmonary failure, to treat moderate progressive curves, or avoid 
degeneration of segments above and below fused vertebrae. The following sections will 
provide an overview/critic of the common compression, distraction, and guided fusionless 
implants used to treat scoliosis in humans. 
1.4.3.1 Distraction-based and Guided-based 
Presently, growing rods (GR) and VEPTR (Vertical expandable prosthetic titanium rib) 
constitute the widely applied distraction-based methods. GR was based on the original 
Harrington growing rod technique [155], which consisted of inserting an expandable rod 
on the concave portion of the deformed spine. The technique was then developed to 
include a dual growing rod construct placed subcutaneously or intramuscularly via hooks 
and screws [156]. Typically, the procedure is performed for early onset scoliosis (EOS) 
and congenital scoliosis to avoid short trunk height following fusion of curves greater than 
60°. GR is invasive as it requires periodic lengthening (approx. every 6 months) until fusion 
is performed at skeletal maturity with complications including laminae breakage, screw 
pull-out, implant breakage, and infections [156]–[159]. VEPTRs originally aimed at treating 
thoracic insufficiency but the technique is currently used to correct spinal deformity in 
EOS. The construct requires lengthening every 6 months, increasing surgical 
complications [105], [156], [159], [160]. An immerging magnetic construct based on 
transcutaneous distractions via a magnetic field is gaining popularity [161]. Current case 
studies are limited; however, preliminary outcomes indicate less psychological impact to 
patients and parents, fewer distraction surgical procedures, and improved quality of life. 
Yet, complication rates outweigh the benefits afforded by the construct [159]. 
Guided-based techniques rely on spinal growth to passively expand or lengthen the 
construct using sliding rods. Two promising approaches are clinically employed. The 
Shilla technique consists of dual rods, with fusion at the apex and non-locking screws at 
the end vertebrae. As the patient grows, the rods slide at the extremities, guiding the spine 
[162]. The second technique relies on the modern Luque trolley system [163] consisting 
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of 4 rods (2 on each side of the spine) fixed at the end vertebrae while connecting via 
guide wires within the instrumented region allowing the spine to grow whilst the rod slide 
respectively. Both guided-based techniques are promising as they do not require periodic 
surgical lengthening interventions.		
 
Figure 1-31: Radiographic examples of: 1- Growing rods, 2- Magnetic growing rod, 3- VEPTR, 4- 
Shilla, 5- modern Luque trolley (1 to 4 modified from [159], 5 modified from [163]) 
An internal growing rod system was recently tested on 3 female AIS patients with curves 
between 43°-53° and Risser 1-4. The construct consists of a growing rod affixed at the 
concavity of the apical region (Figure 1-32) and is elongated via prescribed physical 
exercise due to an internal ratchet system [164]. The preliminary clinical application 
showed promising curve correction (45° ± 8° to  28° ± 8°); yet, results were hindered by 
the small sample size and patients past growth peak. 
 
Figure 1-32: ApiFix system (left) insert on the concavity of the apical region. Daily exercise for 
system elongation via a ratchet system (Modified from [164]) 
1 2 3 4 5
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Thus far, distraction and guided-based techniques remain the foremost recommendation 
for EOS [159], [162] with application in AIS. To take full advantage of the pubertal growth 
spurt, compression-based implants are currently used in a clinical context to treat AIS. 
1.4.3.2 Compression-based 
Some of the early clinical applications of compression-based implants date back to the 
works of Smith et al. where curve progression at the instrumentation site was arrested in 
3 patients with compensatory curve development at uninstrumented regions [165]. The 
authors speculated that, had they increased the number of instrumented vertebrae, a 
better control over the curvature, even correction, might have been achieved. However, 
limited knowledge related to this immerging technique resulted in poor correction 
outcomes. Using shape memory alloy (SMA) staples (Figure 1-33), which clamp into the 
vertebral bodies at body temperature increasing compressive stresses on the growth 
plate, Betz et al. have shown a success rate of 79% for thoracic curves and 87% for 
lumbar curves with 84% kyphosis and 87% lordosis of their normal range [152], [153]. The 
clinical trials aided at establishing guidelines to the treatment of AIS using this technique, 
although the success threshold was relatively generous (>10° correction). The authors 
recommended instrumenting progressive curves <45° with sufficient remaining growth 
(Risser 0-1).  
 
Figure 1-33: Shape memory alloy staples clinical example (Modified from [152], [153]) Treatment options such as bracing are associated withcompliance and self image issues. The efficacy of brace
treatment has been questioned in many studies.3,21 Cur-
rently, there are no alternatives to bracing other than
observation. Vertebral body stapling offers just such an
alternative; its early results are encouraging when com-
pared to those of bracing and observation.
Dolan and Weinstein systematically reviewed the
published clinical studies to estimate the prevalence of
surgery after observation and brace treatment in patients
with adolescent idiopathic scoliosis.3 They compared
139 patients in 3 studies treated with observation only to
1814 patients in 15 studies treated with a brace. In this
review, the surgical rate in the observation studies was
22% (range, 13 to 38%) and the rate after bracing was
23% (range, 1 to 43%). In the same review, the surgical
rate after bracing for curves !30° at the beginning of
treatment was 5%, and 34% in curves "30°. The rate
was 12% and 14.5%, respectively, for curves !30° and
"30° in the observation group. Risk factors such as Ris-
ser 0 or 1 at presentation with a thoracic curve of "30°
is associated with a risk for surgery of"30%. In a study
by Noonan et al, 102 patients were studied following the
use of Milwaukee brace.21 The average preoperative
curve was 34°. In Noonan’s series, 33% of patients had
a curve progression "10°. In our series of VBS, 22% of
patients progressed "10°. Our results seem comparable
such that stapling might be used as an alternative to
bracing. A study by Katz et al has examined the natural
history and effectiveness of brace treatment for curves
ranging between 36° and 45°.19 In this study, 83% of
patients treated with the Charleston brace had a curve
progression of"5°, compared with 43% in the Boston
brace group. In this study by Katz, there seemed to be
a significant division of results above or below 35°;
therefore, 35° was chosen as the variable for curve
severity subanalysis in our study of thoracic curves
treated with VBS.
Although the idea of vertebral body stapling has
been studied in the past, few studies describe the clin-
ical results.14,16,17 Smith et al have reported its use in
congenital scoliosis.14 Large curve magnitude and
presence of rotation were associated with poor results.
Betz et al have demonstrated feasibility, safety, and
utility of the Nitinol staples in adolescent idiopathic
scoliosis.17 In another study, Betz et al have reported
results in 39 patients, in whom 87% of curves demon-
strated coronal stability at a minimum 1-year follow-
up.16 There are several animal studies using the prin-
Figure 3. A, B, A 13-year-old fe-
male presents with a double curve
(thoracic curve: 30°, lumbar curve:
28°). She underwent vertebral
body stapling with essentially no
correction, with the thoracic curve
measuring 31° and the lumbar
curve 27° at her first postoperative
erect radiograph. On her 18-month
follow-up AP and lateral radio-
graph, it was noted that she had a
broken staple at the T12–L1 disc
space. The staple did not dislodge.
Her thoracic curve progressed to
40° and lumbar curve to 35°; how-
ever, it was felt that the staple did
not lead to the progression of the
curve, due to the fact that there
was minimal to no displacement of
the broken staple.




1 congenital diaphragmatic hernia rupture
Minor 1 superior mesenteric artery syndrome
1 mucus plug
Insignificant 3 broken staples
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Another promising fusionless technique relies on vertebral body tethering (VBT, Figure 
1-34), which consists of inserting custom vertebral body screws on the convex side 
interconnected with a tightened polyethylene ligament. The construct compresses the 
growth plate, similar to SMA staples, with the added benefit of flexibility [166]. Early 
applications were demonstrated on a single case (8y boy, T6-T12 tethering) corrected 
from 40° to 6° Cobb after 4 years of growth [167]. Although the study reported remarkable 
coronal correction and control over the sagittal plane, it was limited to one reported 
outcome. Recent clinical investigations demonstrated well-established findings using VBT 
of curves generally below 45° [168]. VBT was performed on 11 skeletally immature 
patients aging 12.3y ± 1.6y with 44.2° ± 9.0° and 25.5° + 8.7° coronal thoracic and lumbar 
curves respectively. In this small cohort, coronal curves were corrected by 70% and 71% 
respectively over 2 years follow-up with axial rotation correction (12.4° ± 3.3° to  6.9° ± 
3.4°). Furthermore, the techniques demonstrated promising control of kyphosis and 
lordosis with little to no neurological, infectious, or hardware complications. More 
importantly, this recent clinical trial established preliminary guidelines for VBT treatment 
strategies aimed at curves between 35° and 60° (flexible to <30°) with sufficient remaining 
growth (Risser ≤ 1). Peculiar outcomes indicated possible overcorrection via VBT 
requiring additional intervention for tether relaxing. Although promising, the temporal 
influence of current clinical treatments on the IVD health is halted by the insufficient solid 
long-term clinical outcomes. Experimental testing of current compression-based 
fusionless devices revealed changes in disc viable cell density and reduced 
vascularization of the endplates, which may lead to disc degradation [166], [169]. Also, 
earlier experience with stapling postulated that increasing compression on the 
intervertebral discs may increase the risk of spontaneous spinal arthrodesis [152]. Thus, 
caution in targeting curves with respect to their progressive nature as well as residual 
growth becomes utmost challenging, speculative of further long-term assessment on 
larger cohort and, perhaps, combined with numerical modeling, would establish specific 




Figure 1-34: Vertebral body tether: Posterio-Anterior view (left), lateral view (right) (Modified from 
[168]) 
Compression fusionless implants, by the nature of their design and mechanical action, act 
on the vertebral bodies. Thus, designing and inserting these devices should naturally 
avoid vascular and soft tissue damage. At present, VEPTRs, growing rods, magnetic 
growing rods, and the SHILLA technique have been approved by the FDA. Other devices, 
such as vertebral body tethering, vertebral body stapling, and the Luque trolley technique 
are used off-label in a clinical setup. Over the years, several attempts at assessing the 
biomechanical, in vivo, and corrective potential of new devices have been pursued in an 
experimental set-up. To fully appreciate the extent of the work leading to current (and 
future) successful clinical applications, an overview of the experimental endeavors is 
warranted. 
1.4.3.3 Experimental fusionless assessment 
Fusionless devices are experimentally tested via two approaches. The first relies on 
inducing a deformity in an otherwise normal spine (inverse approach) based upon the 
premise that, if the device induces local and global spinal changes, it can, theoretically, 
correct an existing deformity. The second, a 2-step approach, is based on using the 
investigated device to correct an already induced deformity ( 
Table 1-4). As scoliosis is exclusive to humans [172], several investigators have ventured 
to develop in vivo porcine [173]–[175], ovine [176], and caprine [130], [177] scoliosis 
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 TABLE 2.  Coronal Measurements 
Main Curve ( ° ) Lumbar Curve ( ° ) Proximal Curve ( ° ) Coronal Balance (cm) Shoulder Angle ( ° )
Preoperation 
 (range)
44.2  ± 9.0 
(34.0–66.0)
25.1  ± 8.7 
(7.8  ± 36.0)
21.2  ± 10.8 
(5.7–39.0)
1.6  ± 1.4 
(2.0–3.9)




20.3  ± 11.0 
(8.3–42.0)
14.9  ± 4.9 
(10.0  ± 26.0)
13.4  ± 12.3 
(0.7–31.0)
1.6  ± 1.6 
(5.0–5.9)
2.7  ± 2.4 
(0.0–7.3)
24 mo (range) 13.5  ± 11.6 ( − 4.7 to 25.1)
7.2  ± 5.1 
(0.0  ± 15.8)
15.4  ± 14.1 
(0.0–32.6)
1.3  ± 6.5 
(2.0–20.4)
2.2  ± 2.3 
(0.0–5.8)
 P *  < 0.00002  < 0.0002 0.01178 0.51 0.16
 *Preoperation  versus 24 months. 
and thoracic prominences; no patient demonstrated a wors-
ening of their deformity, and no neurological, infectious, or 
instrumentation-related complications occurred. 
 Several preclinical studies document the promise of anterior 
VBT, 14–16 , 19 although the clinical reports remain sparse. 17 , 20 Our 
motivation for pursuing this promising technology stemmed 
from the publication of our recent results with anterior ver-
tebral body stapling, a distinctly different procedure from 
tethering, for moderate thoracic scoliosis in the immature 
patient. 8 In summary, stapling effectively controls thoracic 
 Figure 2.  A and  B , A 14-year-old boy (Risser 3, Sand-
ers 4) presented to our institution with a 42 ° right 
thoracic curve that had failed bracing. He underwent 
a right T6-T12 anterior vertebral body tethering with 
correction to 25 ° on ﬁ rst erect ﬁ lms ( C and  D ). At 2 
years postoperation, he is now 16 years of age, Risser 
5 with a 10 ° curve ( E and  F ). 
Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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models best mimicking the three dimensional aspect of idiopathic scoliosis. Some of the 
early applications of compression-based implants date back to the works of Nachlas and 
Borden [178] with successful creation of a deformity on normal canine spines 
instrumented with a 3 level staple. Subsequently, the authors attempted correcting the 
deformed spine by inserting staples on the curve convexity and noted minor curve 
correction with creation of compensatory curves at non-instrumented levels. These early 
attempts were based on rudimentary understanding of the growth modulation process, let 
alone, its application on spinal corrective treatment; however, they set the framework for 
future development. Braun et al. ventured to understand the biomechanics of two early 
implant designs, namely SMA and bone anchor ligaments. Their well-established finding, 
many of which set the basis for current clinical applications, have demonstrated the 
different mechanisms by which these implant designs act and the corrective potential 
linked to their application. By attempting to correct a deformed goat model, the authors 
concluded that SMA staples can correct moderate curves with bone anchor ligaments 
achieving a better correction [179], [180]. Further attempts using a custom staple (Figure 
1-35) endoscopically implanted on the right lateral aspect between T6 and T12 of 
immature pigs have successfully induced a coronal deformity (16.4° ± 5.4°) by passively 
restraining growth [181]. However, the device, aiming at correcting the frontal plane, 
resulted in variable effects on the sagittal plane. Although its growth modulation was 
extensively documented [46], the implant was shown to reduce normal dynamic loading 
on the disc [71] due to its inherent rigid design [182].  
 
Figure 1-35: Custom stainless steal staple and bone screw fixation (Modified from [181]) 
Newton et al. have further pursued a different compression-based approach relying on 
segmental anterior spinal tethering. The implant design works akin to bone anchor 
39 
tests, qualitative histology, and biochemical analy es on the intervertebra  discs.  This study 
successfully demonstrated the ability of the SMA stapl  to provide a mild correction of an 
experimentally induced, and otherwise progressive, scoliotic model.  Studies of the intervertebral 
discs returne no significant difference between experimental groups; however, differe ces in 
isc histology (fibrosis and annulus disorganization) b twee  xperimental and contr l groups 
existed [169]. 
Similarly to the SMA approach, a SS staple was proposed in an attempt to achieve greater 
fixation and perhaps improved correction (Fig. 1.21).  Upon being fixed into the vertebrae with 
the aid of a screw, the inserted wedge is believed to provide an initial pressure while the presence 
of the staple body spanning the disc will provide the passive resistance required to limit vertebral 
growth.  Results from this study demonstrated the ability of the device to induce a spinal 
curvature in the coronal plane of an immature pig and had diverse effect on the sagittal plane.    
Moreover, after 8 weeks the device induced a coronal curvature of 16.4°r5.4° using the inverse 
approach (creation of scoliosis) [20].  This was further verified by local measurements of growth 
plate region heights and cell size in various regions of the targeted epiphysis [170].  The device 
succeeded in chondrocyte hypertrophy suppression under the implant indicating growth 
modulation.  To explore the local mechanical influence of this device, experimental studies using 
a Wheatstone bridge (calibrated as a stress sensor) in a porcine model suggest that his method 
increased the local baseline stress by 0.1 MPa immediately post-operatively. However, in 
contrast, this method proved to reduce mean peak dynamic compressive stress [171]. 
Figure 1.21: Stainless steel staple with screw (modified from [20]) 
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ligaments relying on anterior vertebral body lateral compression through segmental cable 
tensioning. Attempts on bovine thoracic vertebrae were successful at manipulating growth 
by unilaterally compressing an otherwise normal spine [183] (Figure 1-36). The authors 
reported screw pullout with adverse increase in the sagittal profile. It was hypothesized 
that the rigidity of the stainless steel cables, along with the rapid growth of bovine 
vertebrae, resulted in excessive tensile loads leading to screw pullout, further 
demonstrated by a lower failure rate using a two cable setup [183]. Later, using a 
polyethylene cable on immature pig vertebrae, the authors successfully induced a coronal 
deformity (30° ± 13° after 12 months growth) with wedged instrumented vertebrae and 
intact bone-screw interface as evidenced by histological assessment [184]. Interestingly, 
reversed IVD wedging (discs wedged opposite to vertebrae) was noticed over the growth 
period and no disc degeneration was observed. The authors further explored the effect of 
pre-tensioning and concluded that the latter created an immediate deformity (intra-
operative) compared to non-tensioned; however, coronal and sagittal angles, and 
vertebral wedging were similar after 12 months growth, with no signs of disc degeneration 
[185]. Similar spinal motion was also noticed between non- and pre-tensioned groups 
suggesting cable tension was dissipated within the intervertebral disc as a consequence 
of long-term vertebral growth and growth restraint. These extensive animal trials have 
shown promising results as to the corrective and, to a certain extent, motion preservation 
potential of SMA staples and anterior vertebral body tethering, which explains their current 




Figure 1-36: Bovine thoracic vertebral stainless steel cable tethering (Modified from [183]) 
Despite their promising outcomes, the above implants bridge the intervertebral gap and 
predominantly compress the IVD to achieve the desired growth modulation. A growing 
concern is linked to the long-term influence on the intervertebral disc health due to 
increased segmental compressive stresses and relatively reduced spinal motion [166], 
[185], [186].  On a rabbit model, Hee et al. demonstrated that compressed discs resulted 
in reduced disc height with degenerative signs, reduced cell and extracellular matrix 
synthesis, reduced vascular channel volume, and showed signs of ossified endplates 
[187]. By reversing the load (applying distraction), cell and ECM synthesis, and vascular 
volume increased but ossified endplates remained, suggesting morphological alteration 
to the disc may be regained after load removal. Similarly, SMA stapling and anterior body 
tethering were shown to decrease disc cell density with increased apoptosis by inducing 
a deformity via these implants on immature goats [166]. These finding were consistent 
with observed AIS human apical discs, which may indicate these metabolic changes are 
secondary to the progressive curve creation. Conversely, Upasani et al. have found 
metabolic changes quantified by lower IVD water content and height following 6 months 
anterior VBT with no early degenerative signs [188].  Demirkiran et al. found similar disc 
morphologies between instrumented and control animals following repeated distractions 
indicative of preserved disc health for spine under fusionless instrumentation [186]. 
Hence, these histomorphometric results suggest disc compression (vs distraction) may 
aged 1°! 2° and ranged from"2° to 7°. In both tethered
groups, the least amount of wedging occurred in the
most proximal vertebra, T6, which did not differ be-
tween groups (P # 0.420). At this level, there was sub-
stantial loss of fixation. In the ST group, 45% of the T6
screws backed out of the vertebral body while 82%
plowed distally and 100% levered in the bone (Figure 4).
Likewise, in the DT group, 100% of the specimens
plowed distally and levered in the bone; however, none
of the T6 screws in the DT group backed out of the bone.
In both the tethered groups, most of the deformity was
created in themiddle two vertebrae, T7 and T8. In the ST
group, there was more back out, plowing and levering of
screws in these central levels than in the DT group, ex-
plaining the significantly increased vertebral wedging in
the DT group (P $ 0.001). In both tethered groups, the
T8 level had the most vertebral wedging, which averaged
14°! 6° in the DT group and 5°! 5° in the ST group. In
the ST group, 18% of screws backed out of, 9% plowed
through, and 36% levered in the vertebral bone; by com-
parison, there was no loss of fixation in the T8 level of
any of the DT specimens. In the most distal level, T9,
Figure 1. Dorsoventral (A) and lateral (B) radiographs of a control
group spine following harvest with 2° coronal change and 6°
increased lordosis from immediate postoperative radiographs.
Figure 2. Dorsoventral (A) and lateral (B) radiographs of the most
deformed spine in the single tether group with 31° created scoli-
osis and 16° increased kyphosis from immediate postoperative
radiographs.
Figure 3. Dorsoventral (A) and lateral (B) radiographs of the most
deformed spine in the double tether group with 57° created sco-
liosis and 34° increased kyphosis from immediate postoperative
radiographs.
Figure 4. Dorsoventral radiographs of spines in the single tether
groups with loss of fixation as screws levered in and plowed
through the bone as seen in the most proximal and distal levels of
(A) and screw pullout as seen in the most proximal vertebral level
in (B).
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adversely alter disc histology. Yet, current disc health analyses are conducted on healthy 
discs with metabolic changes maybe occurring secondary to the implant insertion. Thus, 
such in vivo conditions do not depict the actual scenario perceived in AIS treatment where 
discs are inherently subjected to an unnatural mechanical loading environment. 
With this rising concern, new endeavors were sought to achieve vertebral growth 
modulation without bridging the intervertebral disc space. Early attempts were performed 
by Schmid et al. using a intravertebral hemi-staple on 4 rat caudal vertebrae (n = 11). 
Briefly, the device consisted of a prong located between the growth plate and the disc and 
attached to the vertebral body wall, without spanning the IVD space (Figure 1-37). The 
authors demonstrated the growth modulating potential of this novel device by inducing 30° 
± 6° and 10° ± 3° mean maximum Cobb and vertebral wedging respectively with 69% 
unaltered discs [189]. However, the unassuming size of the implant challenged insertion 
within the limited space provided by rat tails. The device was later upsized to adapt larger 
porcine thoracic vertebral morphologies and was shown to induce 6.5° ± 3.5° and 4.1° ± 
3.6° Cobb and vertebral wedging [190], respectively, with no adverse effects on disc when 
consistently placing the device (over three months growth) [191]. Though preliminary, this 
promising approach warrants further in-depth development to further optimize such 





Figure 1-37: Hemi-staple design. Fluoroscopy images of excised thoracic spine after 3-months 
curve induction on immature pigs (Modified from [190]) 
 
Table 1-4: Summary of experimental fusionless implant testing and development of animal 
scoliosis models 
30.0! ± 1.4!, 3.6! ± 0.6! or 26.0! ± 2!, and 6.3! ± 0.6!
or 25.8! ± 4.6! for control, sham, and experimental
groups, respectively. All possible post hoc and sequential
comparisons of Cobb angles in sagittal plane provided no
evidence of deviating profiles (p C 0.12).
Mean T5–T8 vertebral wedging angles measured in the
coronal plane began at 0! in all groups and, following
85 days of growth, ended with 0.2! ± 0.4!, 0.1! ± 0.5!,
and 4.1! ± 3.6! in control, sham, and experimental groups,
respectively. This vertebral wedging amounted to a
cumulative wedging of up to 25! over only four instru-
mented segments. No difference regarding initial and final
wedging values for control and sham groups was measured
(p C 0.82) whereas experimental group showed significant
change (p = 0.01). Sequential wedging measures between
groups reported no differences concerning control and
sham (p = 0.56). Experimental sequential data differed
between control and sham groups (p = 0.01) (Fig. 5).
Final differences in vertebral body heightswere evident in
experimental group. Vertebral left and right height differ-
ences of T5–T8 were 0 mm ±0.5, 0 mm ±0.6, and 1.2 mm
±1.9 for control, sham, and experimental groups, respec-
tively (Fig. 6). Left and right vertebral height differences
between initial and finalmeasures did not present themselves
within control and sham groups (p C 0.31). Experimental
group revealed a growth reduction on instrumented portion
(right) with respect to non-instrumented side (left) of the
vertebra (p = 0.04). Difference in vertebral height pro-
gressive data revealed insignificant deviations between
control and sham groups (p = 0.77) while measures of
experimental diverged significantly between control and
sham data (p = 0.02). All measures (constrained Cobb
angles, vertebral wedging, and vertebral heights) between
observers did not alter reported statistical conclusions.
Discussion
A novel growth modulating device for early AIS treatment
demonstrated its ability to locally modify spinal growth
and alignment. Although the intravertebral epiphyseal
device formerly confirmed its feasibility on a rat tail model
[12], the study discussed herein is the first to demonstrate
success of a fusionless instrumentation to manipulate
spinal alignment without spanning the intervertebral discs
in a large animal model.
The device achieved a mean coronal curvature of 6.5!
after 12 weeks and a cumulative vertebral wedging of up to
25! over only four segments and solely targeting one of
two possible growth plates per vertebra. Interestingly,
Fig. 2 Progressive bi-weekly
T5–T8 constrained Cobb angles
from coronal plane radiographs




governed by the Hueter-Volkmann principle, which iden-
tifies bone growth-rate dependence on stress magnitudes
[2]. This notion is further supported by vertebral wedging
observation in scoliotic spines [3]—a result of reduced
vertebral growth on the concavity due to increased loading
in conjunction with the converse proceeding on the con-
vexity. In an attempt to reverse this phenomenon, restore
spinal alignment, and improve treatment options for skel-
etally immature patients with progressive AIS, several
fusionless growth sparring instrumentation methods have
been proposed [4–8]. In brief, these methods attempt to
locally harness residual vertebral growth with the purpose
of spinal realignment.
Mechanical, morphological, kinematic, and physiologi-
cal complexities of the spinal column set challenging
hurdles for implicated researchers seeking to address this
issue. Over the last decade, a few fusionless growth mod-
ulating devices for AIS treatment have undergone experi-
mental testing. These include a stainless steel [4] and shape
memory alloy staples [5], and an anterior tether made from
polyethylene [6, 7] and stainless steel [8]. Such devices
attempt to locally retard convex spinal growth by enclosing
and compressing the intervertebral disc and adjacent
growth plates. Consequently, local convex growth retar-
dation is believed to prevent scoliotic progression and
promote spinal realignment. Feasibility of these treatments
to manipulate vertebral growth has been demonstrated;
however, their modification of spine kinematics and pos-
sible influence on intervertebral disc health remains an
underlying concern. Assuming fixation remains, instru-
mentation montages utilizing rigid constructs may provoke
disuse atrophy of surrounding bone [4] or ankylosis and
biochemical changes in discs are alleged to occur [9].
Although no fusion is performed, the success of these
methods resides within the solid fixation of an otherwise
mobile segment. The tether approach allows for a larger
degree of freedom in instrumented segments (tether pro-
vides no compression resistance). However, this instru-
mentation montage may induce elevated and harmful stress
levels in compressed portions of intervertebral discs.
Rodent tails placed under static compression encountered
accelerated degenerative changes in discs indicated by
increased proteoglycan content compared to immobilized
segments that underwent similar but decelerated trends
[10]. Although Newton et al. [11] reported an up-regulation
of proteoglycan synthesis and increased collagen type II
within discs adjacent to instrumented vertebrae in a bovine
model, no morphological or water content alterations
6-month postoperative was measured. Despite encouraging
insight suggesting sustainable disc health gathered from
this well-performed study, a justifiable concern remains
regarding long-term disc health in adolescents submitted to
such instrumentation techniques.
In an attempt to address the aforementioned concerns, a
growth sparring intravertebral epiphyseal device that
locally modifies vertebral growth without spanning the disc
space was developed. The device head is inserted between
growth plate and adjacent intervertebral disc annulus while
the body is fixed to the respective vertebra. Feasibility of
this approach was previously demonstrated using a rodent
tail model [12]. The presence of device over four vertebrae
induced a mean Cobb angle of 308 after 23 days (inverse
approach—device applied to the convexity of a scoliotic
spine in practice). However, translation and comparison of
these results to other studies exploring growth modulating
devices is encumbered by the use of a small animal tail
model. The purpose of this study was to explore the per-
formance of the intravertebral epiphyseal staple, a growth-
sparing device for the treatment of AIS, on an immature
porcine model to verify its ability to manipulate vertebral
growth and alter spinal alignment.
Materials and methods
The intravertebral epiphyseal device was optimized over
previous design [12] using finite element software (AN-
SYS, Canonsburg) and constructed through CAD applica-
tions (CATIA V5r17, Dassault Syste`mes, France) (Fig. 1).
Stainless steel 316L (UNS S31603) was used for device
and bone screw (25 by 2.8 mm). Device head was designed
for position immediately below annulus fibrosus and above
growth plate (approximately 5 mm penetration) and device
body is secured using the bone screw.
Surgical protocol
Nine immature 3-month-old hybrid female porcine (lad-
race/yorkshire) weighing approximately 35 kg were uti-
lized. Based on the statistical predictions, pigs were
randomly selected into following groups: two control (no
Fig. 1 Fusionless intravertebral epiphyseal device
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Animal Reference Technique Results, Comments, Prospective 
Dog Nachlas 1951 [178] 
Deformity induction using  
unilateral staple spanning 
2 lumbar IVD units and 
Contralateral stapling for 
correction 
Induction and corrections succe sful with creation 
of compensatory curve. Some implant loosening 
and breakage observed. First attempt at spinal 
stapling t  control growth. 
Rabit Smith 1987 [192] 
Tethering thoracic spine 
(T4-T10) into asymmetric 
lordosis 
Progressive structural scoliosis with localized 
spinal cord damage. Limited sagittal plane 
deformity control. 
Cow Newton 2005 [183] 
Vertebral bicortical screws 
T6-T9: ⓵ 1 screw/vert + 1 
cable, ⓶ 2 screws/vert + 
2 cable 
⓵ Variable instrument fixation and inconsistent 
curve creation s opposed to ⓶. Suggesting more 
stable construct with dual stainless steel cables 
and screws. Poor sagittal control. 
Goat Braun 2003 [177] 
Posterior asym. rigid and 
flexible tethering with 
conv. rib resection & 
conc. rib tether. 
Scoliosis induced with rigid and flexible tether, 







SMA staples for curve 
correction. 
Curve correction possible, for moderate curves, 
with SMA staples, better correction with bone 
anchor ligament. 




Curve creation (8 weeks), little screw loosening. 
Sagittal profile varied with progressive kyphosis. 
Custom staple & screw fixation minimized implant 
failure. 
Pig Newton 2008 [184] 
Anterior bone anchor 
screws + tether 
Curve creation with opposite disc wedging, with no 
sagittal profile changes. IVD intact. Device may be 
used to correct, without impeding IVD health. 
Pig Schwab 2009 [173] 
Unilateral posterior 
ligamentous tether, 8 
segments, ipsilateral 5 
level rib tethering 
Lordoscoliotic curve creation with large post-op 
curve due to numerous instrumented levels. 
Cannot predict residual curve creation after tether 
removal. Could be used as scoliosis model for 
implant testing. 
Pig Odent 2009 [174] 
Posterior laterally offset 
tether 
Created structural scoliosis model with apparent 
chest wall deformity. Could be used as a scoliosis 
model for implant testing. 
Goat Zhang 2009 [130] 
Posterior pre-bent rod 
with contralateral rib 
resections 
Scoliosis like curve creation with vertebral 
wedging, trunk deformity and axial rotation. No 
curve progression after rod removal with persistent 
growth shown in histology. Could be used as a 
scoliosis model for implant testing. 
Pig Newton 2011 [185] 
Anterior bone anchor 
screws + tether 
Tested tether pre-tensioning did not alter long term 
curve creation. 
Pig Newton 2011 [193] 
SMA square cross-section 
rods: single or dual, 
locked or unlocked 
Coronal deformity created. No difference between 
single and dual, with unlocked tending to higher 
deformity. Endplate fracture in 85% of cases due 
to high SMA force. Better kyphosis control in 
single vs dual rod. Square cross-section may be 
used for axial rotation correction. 
Pig Patel 2010 [194] 
Anterior bone anchor 
screws + tether 
Curve corrected with no change in the sagittal 
plane. 
Pig Carreau 2012 [73] 
2 SMA staples in mid-
thoracic region 
Small deformity created. Not enough staples for 
large deformity. Signs of GP closure.  
Pig Driscoll 2012 [190] 
Hemi-staple (localized to 
upper growth plate) 
without spanning IVD 
Small curve creation. IVD health conserved when 
implant positioned  over the growth plate. Sagittal 
plane conserved with evidence of inverse disc 
wedging. 
Pig Moal 2013 [76] 
Anterior correction via a 
custom tether targeting 
3D correction 
Removal of inducing tether does not stop vertebral 
growth. Custom tether reduced coronal deformity 
and re-established normal sagittal plane. Apical 




As previously explained, scoliosis is a three dimensional deformity; thus, an ideal 
fusionless device is one capable of addressing corrections in all three anatomical planes. 
The presented devices thus far act, predominantly, on a single anatomical plane, mainly 
the coronal plane with varying effects on the sagittal profile. More specifically, coupled 
effects of the current implants resulted in either variable [181] or unchanged [184], [190], 
[194] sagittal plane deformity with rotational deformity correction scarce or as a side-effect 
[188]. A recent investigation explored a new hybrid anterior tethering system, which was 
tested in vivo on immature porcine spine with an already induced deformity via Schwab’s 
et al. [173] porcine spine model. The study explored two groups with progressive 
deformities: untreated (inducing tether released, n=5) and treated (correction via custom 
anterior tether, n=5) (Figure 1-38). After 20 weeks of growth, the newly designed tether 
succeeded at correcting the otherwise progressive coronal, sagittal, and rotational 
deformities [76]. Another interesting implant relied on a hinged mechanism which, as the 
spine grows, corrected the coronal and transverse planes while preserving sagittal plane 
(Figure 1-39). The authors were successful at inducing a deformity on normal sheep 
spines with no change in the transverse or sagittal planes since the implant’s hinge design 
corrects rotational deformities unidirectionally. In other terms, a normal spine does not 
present rotational malformation, and thus, none exist to correct. Conversely, they also 
Sheep Burke 2014 [176] 
Posterior laminae + ipsi-
lateral rib tethering + 
contralateral rib resection 
Ovine scoliosis model developed. First attempt 
shows coronal deformity outweighed by sagittal 
deformity with highest deformity in growth peak 
period. Rotational deformity evident. Maybe used 
to assess fusionless devices with specific 
modification to inducing technique 
Sheep Burke 2014 [195] Hinged lateral implant 
Aimed to correction coronal and axial deformity 
with no adverse changes to sagittal plane. Shown 
to induce deformity while corrective potential 
outweighed by stiff induced deformity and 
counteraction of rib tethering. Promising 
preliminary trial for 3D spinal deformity correction. 
Pig Liu 2015 [196] 
Posterior pedicles screw 
tethering 
Coronal and sagittal deformity induced. First trial 
at posterior pedicular tethering for fusionless 
correction. Sagittal deformity lordotic in nature, 
outweighing the aim at re-establishing kyphosis in 




attempted correcting an already induced deformity via this new implant with no success 
as its corrective potential was outweighed by the increased spinal and ribcage stiffness 
following the inducing procedure involving posterior laminae tethering combined with ipsi-
lateral rib tethering and contra-lateral rib resection [195]. The authors hypothesized that 
the rib tether (un-extracted following the inducing phase), along with morphological spinal 
changes, contributed to spine stiffening. 
 
Figure 1-38: Hybrid anterior tether aiming at correcting rotational deformity (Modified from [76]) 
 
Figure 1-39: Hinged implant design aiming at correcting all three anatomical planes as the spine 
grows (Modified from [195]) 
Vertebral morphology
The comparison between the AC and TR groups in terms of
vertebral height measured at the center of the vertebral
endplates (Fig. 7; Table 3) demonstrated that the vertebrae
immediately adjacent to the apical vertebra were signifi-
cantly smaller in the AC group than in the TR group (mean
overall difference = 0.13 cm, p\ 0.05), without any sig-
nificant differences for any of the other vertebrae. Of note,
the AC group has a significantly greater vertebral height
than the SM group at every level (mean differ-
ence = 0.36 cm, p\ 0.001). Further comparison of the
vertebral body heights between TR and AC groups dem-
onstrated that there were no significant differences between
groups when the vertebral height was measured on the
concave or posterior walls. On the other hand, the anterior
and convex walls of the vertebral bodies were significantly
smaller in the AC group at the levels immediately adjacent
to the apical vertebra (levels -2, -1, and ?1; p\ 0.05).
The analysis of the coronal wedging within the AC
group did not reveal any significant difference between
vertebral levels. The comparison of vertebral wedging
between AC and TR groups revealed that the three apical
vertebrae of the AC group had a significantly smaller
wedging than the TR group (p\ 0.05, Fig. 8).
Discussion
Tools for evaluating the risk of AIS progression have
recently emerged based on genetic, radiographic data, and
modeling [20–22]. Early identification of patients who will
develop severe progressive curves can be of significant
interest if early intervention options exist. However,
Table 2 Axial rotation (in
degrees) of each vertebra
relative to the apical vertebra in
LNV coordinate system, and
results of the t test analysis
comparing the TR group to the
SM group, and the AC group to
the TR group
Vertebral level SM TR AC TR vs. SM AC vs. TR
Mean SD Mean SD Mean SD p value p value
4 13.6 8.3 28 5.2 13.3 9.8 0.001 0.008
3 9.2 5.2 21.5 4.6 8.2 9.1 0.004 0.01
2 4.7 3.1 15.2 2.9 2.2 7.6 0.001 0.003
1 1.6 3 6.9 1.8 -2.1 5.5 0.003 0.001
0 0 0 0 0 0 0 – –
-1 0.6 2.9 1.8 2.9 -1.2 2 0.03 0.003
-2 3.2 3.1 3 3.8 2.7 3.2 NS NS
-3 6 3.2 4.4 6.6 2.8 2.8 NS NS
-4 12.3 5.8 9.2 5.9 7.6 5 NS NS
Fig. 6 Axial rotation relative
to the apex for the -4,-2, 2,
and 4 levels in the LNV
coordinate system. (SM:
measurement at 9.5 weeks; for
AC and TR groups:
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ence = 0.36 cm, p\ 0.001). Further comparison of the
vertebral body heights between TR and AC groups dem-
onstrated that there were no significant differences betwee
groups when the v rtebral height was measured on th
concave or posterior walls. On the other hand, the ant rior
and convex walls of the vert bral bod es were significantly
smaller in the AC group at the l vels immediately adjacent
to th apic l vertebra (levels -2, -1, and ?1; p\ 0.05).
The analysis of the coronal edging within the AC
group did not reveal any significa t difference between
v rtebral l vels. The comparison of vertebral wedging
between AC and TR groups reveal d that the three apical
vertebrae of the AC group had significantly smaller
wedging than the TR group (p\ 0.05, Fig. 8).
Discussion
Tools for evaluat ng the risk of AIS progression have
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2 4.7 3.1 15.2 2.9 2.2 7.6 0.001 0.003
1 1.6 3 6.9 1.8 -2.1 5.5 0.003 0.001
0 0 0 0 0 0 0 – –
-1 0.6 2.9 1.8 2.9 -1.2 2 0.03 0.003
-2 3.2 3.1 3 3.8 2.7 3.2 NS NS
-3 6 3.2 4.4 6.6 2.8 2.8 NS NS
-4 12.3 5.8 .2 5.9 7.6 5 NS NS
Fig. 6 Axia rotation relative
to the apex for the -4,-2, 2,
and 4 levels in the LNV
coordinate system. (SM:
measurement at 9.5 weeks; for
AC and TR groups:




The comparison between the AC and TR groups in term of
ve tebr l ight measured at the c nter of the vertebral
endplat s (Fig. 7; Table 3) demonstrated hat the vertebrae
immediately adjacent to the apical v rte ra w re signifi-
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group did not reveal any significa t differ ce between
vertebral levels. The comparison of vertebral wedging
between AC and TR groups revealed that the three apical
vertebrae of the AC group had a significantly smaller
wedging than the TR group (p\ 0 05, Fig. 8).
Discussion
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rece tly emerged based on genetic, ra iogr phic data, and
modeli g [20–22]. Early identification of patients who will
develop se re progr sive curves can be of significant
interest if early intervention options exist. However,
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4 13.6 8.3 28 5.2 13.3 9 8 0.0 1 0.008
3 9.2 5.2 21.5 4.6 8.2 9 1 0.0 4 0.01
2 4.7 3.1 15.2 2.9 2.2 7 6 0.0 1 0.003
1 1.6 3 6.9 1.8 -2.1 5 5 0.0 3 0.001
0 0 0 0 0 0 0 – –
-1 0.6 2.9 1.8 2.9 -1.2 2 0.03 0.003
-2 3.2 3.1 3 3.8 2.7 3.2 NS NS
-3 6 3.2 4.4 6.6 2.8 2.8 NS NS
-4 12.3 5.8 9.2 5.9 7.6 5 NS NS
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and 4 levels in the LNV
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The implant maybe conceptualised as five blocks con-
nected with four hinges (Fig. 2), with the hinges control-
ling the growth and position of the five blocks (vertebrae).
To minimise the number of screws required to fix the
implant a linked chain approach was adopted, with each
hinge component spanning three vertebrae and locked to its
neighbour with a single screw and locknut. This enabled
the control of nine vertebrae with only five screws.
The device was designed to change shape as it is
lengthened by growth to correct coronal and rotational
deformity, yet retain a near physiologic range of motion
allowing spinal mobility to be maintained. This was
achieved due to an asymmetric looseness in the hinges,
constructed as modified ball and socket joints. The ranges
of angular motion about each orthogonal axis of the hinge
are shown in Fig. 3.
The major hinge axis lies at 45! to the implant axis and
the plane of the intervertebral disc.
The device was manufactured from cobalt chrome
(Wines Medical, Weald, Kent, TN14 6NP, UK), and coated
with a graphite-like coating (Teer Coatings Ltd, West
Stone House, Berry Hill Industrial Estate, Droitwich, WR9
9AS, UK) applied to minimise wear by decreasing friction
and consequent release of cobalt and chromium ions. To fit
different size animals and possibly future patients from
early childhood to adolescence, two hinge attachment
lengths were available of slotted design.
Since the hinges of the implants are orientated at an
angle to their attachment members, the device could bend
in the coronal plane and rotate resulting in a 3D shape
similar to a scoliosis deformity. Each was designed
however to be reversible to allow fitment in a mirror
image configuration giving rotation towards the apex of
the deformity whether positioned above or below the
apex. The hinge components connect together via a
bolted joint on the vertebral body screws and a further
variable-angle locking component was inserted to define
the angle between each link. Thus, when the device is
applied to a spine partial correction of deformity may be
achieved but a physiologic degree of flexion and exten-
sion retained. As growth occurs and the instrumented
spine segments lengthen, the hinges would be expected to
open, straightening the construct and the spine. The
device was thus designed to treat a wide variety of
moderately flexible curves with different morphologies
and different deformity lengths using only four different
modular hinge components.
Implantation of device: deformed sheep spine
Eight sheep (group 1) with a surgically induced progressive
lordoscoliosis [1], (mean age 4 months, mean weight
Fig. 1 Linked hinge implant
Fig. 2 Range of hinge motion





Although animal trials support the hypothesis that new implants are best tested in similar 
conditions as their human application, i.e. idiopathic-like in vivo animal trials, to date, both 
the inverse and the 2-step approach remain widely applied experimentally. Yet, the 2-step 
approach is quite expensive and extensive as it requires two surgical interventions 
(induction + correction) each of which can span lengthy time-frames and affect spinal 
biomechanics. Additionally, the presented experimentally tested implants exhibit several 
shortcomings innate to their specific designs as they act differently on each respective 
anatomical plane or bridge the intervertebral disc space. Currently, no long-term (more 
than 1 year follow-up) has been explored experimentally to assess the real lifelong 
influence on disc health. Additionally, animal trials allow the study of the potency of new 
implants in shorter periods of time (e.g. pigs grow approx. 1.1 mm/vertebra/month [75], 
[76], [190], [197] while adolescents during growth spurt grow 1 mm/vertebra/year [66]). 
Finally, current experimental in vivo trials typically aim at assessing the efficacy, functional 
application, long-term growth manipulation, and device/bone interface integrity. 
Preliminary in their nature, these trials evaluate new implant concepts to confirm growth 
modulation in an in vivo environment prior to assessing biocompatibility restrictions. To 
date, Wall et al. rigid custom staple is the sole device currently approved by the FDA 
amongst those presented in  
Table 1-4. Future applications of these devices would aim at reducing, even eliminating, 
possible toxicity imposed by a foreign object introduced in living tissue to further meet 
FDA and ISO 13845 requirements for medical devices. However, biocompatibility is 
beyond the scope of this thesis work but warrants further in-depth evaluation to ensure 
safe application of experimentally tested devices when transferred clinically. 
Nevertheless, in vivo trials can be time-consuming when exploring a spectrum of implant 
designs and transfer the new knowledge to human cases.  
1.5 Biomechanical Modeling of the Scoliotic Spine 
As previously stated, finite element modeling demonstrated its practical application in 
spinal biomechanical investigations. These numerical tools have been explored to 
simulate complex biomechanical spinal behaviour, bone remodelling, spinal disorder 
pathomechanism theories, disc degeneration, amongst other. Nevertheless, modeling 
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strategies should be handled by acknowledging their limits and simplified assumptions. 
With the wide range of its applicability, focus will be attributed to investigations applied to 
scoliotic spines with attention to finite element modeling.  
Typically, FEM geometries can be parametric or personalized. The former involves a set 
of parameters describing geometric characteristics such as spinal global shape, local 
vertebral morphology, which in turn, are translated into nodal coordinates used to build 
the model. Advantages of such modeling techniques are reflected by the simplicity of 
adapting geometric parameters to build distinctive models, scaled geometries, or 
representing generalized deformed spines. Conversely, personalized models reflect the 
actual geometry of the patient obtained via 3D reconstruction techniques. 
1.5.1 Finite Element Modeling 
Finite element models offer alternative tools to simulate various functional parameters to 
address inherent limits imposed by experimental testing (reproducibility and variability). 
Thus, design, experimental, and morphological parameters can be modified and tested in 
a reproducible manner. Moreover, FEM provides internal stress and strain analysis 
difficult, sometimes unfeasible, to obtain in vivo or in-vitro.  
One should consider each model’s limitations at the cost of the destined application. 
Simulation processing time versus level of details required are certain restrictions 
justifying the use of specific modeling techniques as opposed to others. Results 
interpretation in FEM is equaled by the quality of the model and the appropriateness of its 
application. Detailed vertebrae and intervertebral discs models (solid elements) allow for 
detailed regional stress/strain calculation in vertebral cortical and cancellous bone, growth 
plates, and IVD. Beam-based models can be used to obtained qualitative and quantitative 
stress analysis, emphasizing the overall model’s biomechanical behavior rather than 
details within the different spinal elements. FEM are simplifications of the behavior of an 
actual physical element, which emphasizes the chosen assumptions in the modeling 
techniques and the interpretation of the results accordingly. These assumptions may be 




Focus will directed towards current models involved in the study of scoliosis and treatment 
strategies over the past decade. The following table summarizes the description of current 
models and their application. 
Table 1-5: Summary of current finite elements models in scoliosis research 
Model Description Application 
 
Villemure 2002 [34] 
T1-L5. Beam elements. Patient 
specific biplanar reconst.. Post. 





effect mech. load alteration 
on curve progression. 
Influence of pedicle growth 
asymmetry on curve 
progression 
 
Huynh 2006, 2007 [125], [131] 
T1-S1. Beam elements. Patient 
specific biplanar reconst. Post. 
elem. + facets + ligs. Rib cage, 
saccrum. Spinal muscles. Growth 
modulation programmed. 
Simulate curve progression 




Clin 2007, 2011 [35], [143] 
T1-S1. Beam elements. Patient 
specific biplanar reconst. Post. 
elem. + facets + ligs. Rib cage, 
saccrum, abdominal tissue solid 
elem. 
 
Compare & optimize brace 
design for scoliosis 
correction. Evaluate gravity 
application methods on 




Lafortune 2007 [217] 
Chicken T1-T7, L1 spine. Beam 
elements. Post. elem.+facets+ligs. 
Growth modulation programmed.  
 
Simulate curve progression 
following asym. spinal load 




Rohlmann 2008 [210] 
T3-L2, rigid vertebrae, Linear 
elastic, NP incomp., AF 
hypereslastic Neo-Hookean, 
Ligament spring elem. CT scan 
reconst. 
Simulate immediate impact 
of different posterior 
instrumentation, pedicle 
screws, and instrumentation 
variants. 
 
Lalonde 2008, 2009 [206], [207] 
T1-L5. Patient specific biplanar 
reconst, Cort., cancellous, no 
post. elem, GP 3 zones, 
AF+fibers, hyperelast. NP 
incomp., Apophyseal ring. 
Simulate curve correction 
during lat. decubitus 
positioning in surgery. 
Simulate the immediate 
corrective effects of 
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Lin 2009 [205] 
T7-T8 CT reconst, GP divided in 3 
zones. Growth modulation 
programmed. Linear elastic mech. 
prop. 
 
Evaluate difference between 
2 growth modulation 
strategies and new energy 
based growth model under 
combination of tension, 
compression, & shear loads. 
 
Driscoll 2009, 2011, Shi 2011 [42], 
[126], [127] 
T1-L5. Patient specific with 
parameterization potential. cort., 
cancellous, no post. elem, GP 3 
zones, Linear elastic NP+AF. 
Growth modulation programmed. 
 
Investigate concave-convex 
prop. biases in curve 
progression. Compare 
corrective effect of ≠ 
fusionless implant 
techniques. Investigate 
abnormal anterior growth in 
AIS progression. 
 
Drevelle 2010 [120] 
T1-S1, Pelvis, vertebrae rigid 
beam, facets, ligament spring 
elem, pelvis stiff beams, IVD as 
beam, personalized IVD props., 
growth sims 15% vertebral height 
lengthening. 





Driscoll C 2012 [208], [209] 
T1-S1. Beam elements. Patient 
specific biplanar reconst. Post. 
elem. + facets + ligs. Rib cage, 
saccrum, lower limbs.  
Study the effects of lower 
limbs position on spinal 
geometry during surgery. 
 
 
Abolaeha 2012 [212] 
T1-L5. Parametric. cort., 
cancellous, no post. elem, GP 3 
zones, Linear elastic NP+AF. 
Growth modulation programmed. 
Simulate the long-term 
correction of a Harrington-




Kumar 2012 [218] 
T7-T8 functional unit, CT reconstr. 
Growth plate and growth 
dynamics. 
Simulate custom staple 
prestress influence on 
longitudinal growth. 
Compare predictive 
simulation to experimental 
results. 
 
Little 2013 [211] 
T1-L5. Solid Elements. Patient 
specific, CT reconstruction. Post. 
elem. + facets + ligs: beam and 
spring elements. Rib cage shell 
elements.  
Simulate anterior rod and 
screws scoliosis curvature 
correction. 
Copyright © Lippincott W
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 published studies by B
ertand et al [12]. The 
m
odel is com
posed of 17 vertebral bodies (T1-L5) and 16 
intervertebral discs using linear, hom
ogeneous and isotropic 
m
aterial properties, their values are presented in (Table I) [9, 
11].  The SFEM
 w




es). The scoliotic m























physiological structures of the spinal colum
n. Every vertebra 
w
as created as a w
edged cylinder that consists of cortical and 
cancellous bone and three sections of vertebral grow
th plates, 
nam
ely: the sensitive zone, the new
ly form
ed bone zone, and 









ponents divisions of the m
odels have been taken from
 
published studies: 0.64 m
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be active in tension under stress (1, 1.76 M
Pa) respectively 
[13]. This m










ents of type C
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 by 
quadratic tetrahedral elem




body loading, a distributed load is applied to each vertebral 





) distribution of 14%
 on T1 w
ith an 
addition of 2.6%
 on each successive vertebral body, ending at 
L5, w
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ill bear of 57%
 of B
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Table I.  M





ity of L5 w
as restrained in all degrees 
of freedom




ity of T1 w
as free to displace vertically 
along the axis of grow
th, but w
as constrained in the off-axes. 
B. M





as described in detail by Stokes 
[15], w
hich is briefly sum
m
arized in this paper. In this 
approach, the stresses present in the sensitive zone of the 
vertebral grow
th plate determ
ine the local bone grow
th 
(bone calcification) in the new
ly form
ed bone layer. The 
transition layer connects the sensitive and the new
ly form
ed 
bone layers to the com
pletely form











  and a regularization, w
hich w
as represented by 
the scaled difference betw
een the stress on the grow
th plate 
    of the scoliotic spine and that under regular conditions 
  
   of the norm
al spine:   
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Figure 2. (a) Posterior-anterior view
s of the instrum
ented scoliotic   finite 
elem
ent m
odel. (b) The m
odeling of intervertebral disc, grow
th plate zones, 






Lin Shi et al [10]. (c) FEM
 for grow
ing rod instrum
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odel [10, 16].  
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Fig. 1. FEM
 with implant; Compressive load-displacement curves comparing current FEM
 and biomechanical [4] results. Origin
starts at ‘just tense’ position based on experiments, with FEM



























Zhang 2013 [216] 
T1-S1, Pelvis, CT reconstruction, 
NP + AF, no grav. and muscles, Ri 
cage. Solid elements, cartilage 
beam elem. 
Simulate different surgical 
correction approaches prior 
to intervention. 
 
Driscoll 2013 [215] 
T1-S1, Pelvis. Solid linear elem. 
Patient specific geom., NP+AF, 
spinal ligament spring elem. Rigid 
vertebrae. 
Simulate different posterior 
instr. correction strategies 
with two screws head 
designs. 
 
Agarwal 2015 [213] 
T1-S1, generalized juvenile model 
Cobb 35°. Cort. cancellous, post. 
elem, NP, AF hyperelastic, 
Ligament sping elem., GP and 
growth modulation. 
Simulate the long-term 
correction of a Harrington-
like growing rod instr. with 
different distraction forces 
and distraction intervals 
 
Vergari 2015 [214] 
T1-S1. Beam elements. Patient 
specific. Post. elem.+facets+ligs. 
Rib cage, saccrum, abdominal 
tissue. Intercostal Membrane 
elastic shell. Patient specific rib 
and costal cartilage prop. 
Gravitational and muscles forces 
excluded. 
Simulate curvature 
treatment via orthotics.  
 
Clin 2015 [170] 
T1-S1, Pelvis, Patient Specific 
reconst., Post. elem.+ ligs, 
ribcage, growth plates and growth 
modulation 
Simulate fusionless implant 
correction and insertion 
variants. 
Applications of these models can be grouped into 2 main avenues: Immediate and long-
term impact simulations. 
Lalonde et al. [206], [207] developed a detailed T1-L5 FEM of the anterior aspect of the 
vertebra, including the epiphyseal plates and spinal ligaments. The model allowed to 
simulate the immediate deformity correction and determine growth plate stresses 
following insertion of shape memory alloy staples and simulate intra-operative lateral 
decubitis patient positioning and compare spinal shapes indices to patients’ data. Clin et 
al. [35], [143] built upon Aubin’s model [219] a personalized beam element based 
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abdominal soft tissue. The model served to test the immediate spinal corrections following 
spinal bracing, design and optimize orthotics, as well as test different gravitational load 
application methods. Similarly, Vergari et al. [214] added personalized ribcage properties 
and intercostal membrane to simulate the impact of brace treatment. Driscoll et al. [208], 
[209] added to the Clin’s model by incorporating the lower limbs to evaluate the effect of 
intra-operative limb positioning on spinal geometry changes. Rohlmann et al. [210] 
developed a detailed volumetric T3-L1 model based on CT scans, including the major 
spinal ligaments, and aimed at simulating the immediate impact of different posterior 
instrumentation variations on spinal correction and vertebral loads. Little et al. [211] 
proposed a personalized detailed hybrid model of the thoracolumbar spine, including the 
ribcage, to simulate curve correction following anterior instrumentation strategies. Driscoll 
et al. [215] developed a simplified FEM of the thoracolumbar spine and pelvis, excluding 
the ribcage, to simulate surgical maneuvers involved in various posterior spinal 
instrumentation. Similarly, Zhang et al. [216] developed a detailed FEM with inclusion of 
the ribcage and aimed at simulating various surgical correction approaches to determine 
the optimal intervention.  
Other FEMs integrated growth dynamics to simulate the long-term effects of growth-
sparring implants and curve progression patterns. Villemure [34] constructed a 
thoracolumbar patient specific FEM using beam and spring elements to represent 
vertebrae and ligaments, respectively. Growth modulation was programmed according to 
the Hueter-Volkmann principle with the model serving to simulate different curve 
progression patterns, followed by other investigators [120]. Appending the ribcage and 
spinal erector muscles to the previous model, Huynh [125], [131] tested the impact of 
differential neurocentral junction growth and erector muscle impairment on curve 
progression.  Lin et al. [205] generated a detailed T7-T8 functional unit volumetric model 
integrating the growth plates and growth dynamics and evaluated differences between 
two growth modulation theories under various loading patterns. To complement Hui’s 
model, Driscoll [42], [126], [127] included growth dynamics on a parametric thoracolumbar 
FEM of the anterior spine to simulate curve progression following concave/convex 
mechanical properties bias, assess fusionless implant long-term correction, and compare 
model progression to patient specific data. Other parametric models included growth 
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dynamics to simulate curve correction following Harrington-like growing rods [212] and 
evaluate the effects of distraction forces and lengthening intervals [213]. Using a FEM, 
Stokes et al. [220] integrated 11% asymmetrical concave/convex rib growth to test 
hypothesis of scoliosis initiation indicating asym. rib growth resulted in axial rotation and 
curve progression similar to adolescent scoliosis. Carrier et al. [221] investigated rib 
shortening or lengthening as alternative corrective procedures for AIS with results 
indicating reduced vertebral wedging and Cobb angle with deterioration of apical rotation 
and rib hump. These models highlighted the important contribution of the ribcage; yet, no 
attempt at assessing the biomechanical contribution of the latter in fusionless surgery has 
been previously attempted.  
Nevertheless, these models reflected human juvenile or adolescent spinal geometries 
while current growth-sparring devices continue to be tested, experimentally, on animal 
equivalents. Computational animal models integrating growth dynamics to simulate curve 
progression patterns and fusionless implants are scarce. Lafortune et al. [217] developed 
a simplistic chicken thoracic spine FEM simulating induced scoliotic-like deformation 
following  asymmetrical loads to emulate curve progression following pinealectomy. Odent 
et al. [222] predicted the intraoperative deformity creation via various ligament tethering 
configurations using a 2D FEM of 11 porcine thoracic vertebral bodies and intervertebral 
discs (IVD). The model used human mechanical properties and lacked growth dynamics 
to predict long-term deformity prediction and was primarily devised to test expected 
generalized immediate deformities. Kumar et al. [218] developed a porcine T7-T8 
functional unit FEM including growth dynamics to compare simulated a custom implant 
growth restraint. Yet, the model did not capture the complete spinal biomechanical 
behavior in fusionless implant and focused on a single implant design. Thus, a review of 
the literature does not reveal any attempts at developing a complete porcine spine 
thoracolumbar FEM integrating growth dynamics, the ribcage, and major spinal ligaments 
for the simulation of immediate intra-operative spinal manipulations, progressive scoliosis, 
long-term curve induction or correction, and fusionless implant analyses. 
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CHAPTER 2 RESEARCH RATIONAL, OBJECTIVES, AND 
HYPOTHESES 
The prevailing conventional surgical scoliosis treatment relies on re-aligning the spine with 
instrumentation accompanied by segmental spinal fusion, invasively reducing spinal 
mobility. Over the past two decades, fusionless growth-sparring implants have undergone 
extensive investigations with increasing understanding of their biomechanical response 
on the spine. With recent clinical applications demonstrating the promising potential of 
these growth harnessing implants, more prominently in the form of vertebral body 
tethering, increasing interest have materialized their future application, future 
development and improvement. Despite encouraging short-term spinal corrections, a solid 
design platform is required to assess the biomechanical, short- and, more specifically, 
long-term impact of new emerging implant designs. Animal trials have been extensively 
explored to assess new fusionless implant concepts, design parameters, and in vivo 
response precursory to human clinical applications.  
Nevertheless, experimental animal trials can be time-consuming as various implant 
concepts are required before transferring the acquired knowledge to human applications. 
Thus, an alternative, numerical testing platform is required to test implants prior to in vivo 
trials and facilitate knowledge transfer. While current implants predominantly compress 
the intervertebral disc and bridge the intervertebral space increasing the risk of long-term 
disc degeneration, insufficient long-term in vivo evidence hinder the full assessment of the 
disc health following prolonged segmental compression in both experimental and clinical 
fusionless applications. A new localized hemi-staple was proposed to solve segmental 
compression complications; yet, its mono-epiphyseal application limits fully harnessing 
the growth of vertebral body.  
Moreover, experimental spinal growth-sparring research relies on either inverse approach 
or 2-step approach. Although spinal loading differs between a normal and deformed spine, 
both approaches are still widely utilized. However, the impact of the tested device may 
differ depending on the selected approach. Theoretically, these implants should be tested 
in similar spinal conditions as scoliosis.  
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Finally, the stabilizing role of the ribcage was highlighted in earlier sections. However, its 
role in fusionless surgery is not fully understood and the unassuming size of newly 
developed implants should account for the biomechanical contribution of the ribcage. 
To address the underlying shortcomings, the overall objective was to develop, verify, and 
exploit a distinctive porcine spine finite element model for the simulation of progressive 
experimental scoliosis, and design and validate a new dual-epiphyseal growth modulating 
implant. 
To fulfill the general objective, specific sub-objectives were devised as follows: 
Objective 1: Develop a porcine spine finite element model, integrating porcine adapted 
growth dynamics and ribcage. 
Objective 2: Develop, test, and validate dual-staple implant on immature pigs. 
Objective 3: Exploit the developed FEM to: 
i. Evaluate the difference between inducing vs correcting an induced deformity via 
equivalent fusionless implants.  
ii. Examine of the role of the ribcage in fusionless spinal surgery. 
These specific objectives stemmed from seeking answers to the following research 
hypotheses:  
H1: A thoracolumbar porcine spine finite element model, including epiphyseal growth 
dynamics, can represent the appropriate biomechanical behaviour and growth modulating 
effect of fusionless implants with simulated Cobb angle within 5°, vertebral wedging within 
2°, and vertebral rotation within 3°. 
H2: Modulating the growth of the superior and inferior epiphyseal plates, simultaneously 
via a local implant without bridging the intervertebral disc space, can increase, by at least 




H3: The growth modulating impact of fusionless implants is less prominent via the 2-step 
versus the inverse experimental approaches for Cobb angle and vertebral wedging 
manipulations.  
H4: The biomechanical contribution of the ribcage is manifested by an increase in thoracic 
rigidity leading to a reduction in the impact of fusionless implants following a change in 
growth plate stress distribution. 
To highlight the methodological approach undertaken to address the proposed research 
hypotheses (Figure 2-1), this thesis was devised into 7 chapters. Chapter 1 & 2 covered 
a detailed literature review focused on limitations of current fusionless experimental 
testing methodology leading to the above proposed hypotheses and related objectives. 
As such, Chapter 3 presents an improved dual-epiphyseal implant, its in silico, in situ, and 
in vivo testing procedures devised to address hypothesis 2. Moreover, µ-CT results arising 
from the in vivo trials are presented in Section 3.3. Chapter 4 presents a porcine spine 
finite element model, including epiphyseal growth dynamics and the ribcage, developed 
as per objective 1 to explore hypothesis 1. An investigational study is also detailed to 
address hypothesis 3 as highlighted in objective 3.i (Chapter 4, Section 4.3). Chapter 5 
highlights an investigational simulated study to fulfill objective 3.ii and address hypothesis 
4. Finally, the outcomes of this doctoral thesis are discussed comprehensively in Chapter 




Figure 2-1: Methodology diagram and related manuscripts and chapters  
  
PORCINE SPINE FINITE ELEMENT MODEL FOR THE SIMULATION OF PROGRESSIVE EXPERIMENTAL SCOLIOSIS AND DESIGN AND VALIDATION OF A NEW






























CHAPTER 3 IN VIVO ASSESSEMENT OF A DUAL-EPIPHYSEAL 
IMPLANT  
3.1 Presentation of the Dual-Epiphyseal implant 
A rising concern is linked to the intervertebral disc health following prolonged segmental 
compression both experimentally and clinically. A localized hemi-staple was proposed to 
solve segmental compression by acting locally on the growth plate without bridging the 
intervertebral space. Yet, its mono-epiphyseal application limits fully harnessing the 
growth of vertebral body. A localized device, a dual-epiphyseal staple, acting on both 
growth plates simultaneously without bridging the intervertebral disc space was proposed.  
The design of the dual-epiphyseal implant was built and improved upon a previous 
implant, namely, the hemi-staple (Figure 1-37, [190]). Similarly, preserving spinal motion 
encourages nutrient transfer to the intervertebral disc, ensuring longevity. Although to date 
long-term IVD health assessment are scarce, histomorphometric analyses of hemi-staple 
trials showed preserved disc health whilst the implant adequately positioned between the 
growth plate and intervertebral disc. Although promising, the hemi-staple acted on a single 
growth plate by passively restraining growth and is yet to harness the full growth potential 
of the vertebral body. Additionally, the implant is entirely passive where the applied force 
on the epiphysis cannot be controlled. One can argue that, by exploiting both growth 
plates, the long-term performance of the implant would be improved, if not, doubled. 
Nevertheless, vertebrae inherently exhibit differing geometries, both linked to various 
wedging magnitudes (scoliosis) and increasing heights craniocaudally. The desired 
response was to locally act on both the proximal and distal growth plates concurrently 
without crossing the disc space. The proposed revised design offers both the capabilities 
of adapting to different vertebral body geometries as well as controlling the applied load. 
Thus, specific design requirements were to be met. The device would act locally on both 
epiphyseal plates, provide adjustable height intra-operatively, avoid major spinal arteries, 
and maintain segmental mobility. An additional design feature was the ability to, not only 
provide passive restraint, but also provide an active restraint via controlled loading to 
achieve pre-determined growth modulation without growth arrest. By using the previously 
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described growth modulation equation (Equation 1), growth can be determined as a 
function of applied load and, thus, predicting the expected/desired correction. An 
important aspect was to minimize surgical steps when inserting the implant. Figure 3-1 
illustrates the initial concept and the evolution of the desired correction over time. To 
accomplish local growth modulation, a prong design, similar to the hemi-staple, was 
sought out and would be inserted proximally and distally. As height adjustment was 
required, a two components design was proposed: top and bottom components which 
slide respectively.  
 
Figure 3-1: Concept Dual-Epiphyseal implant: Growth modulation over time. Superior vertebral 
wedging corrected. 
The initial concept was focused around achieving two modes of application: Fixed and 
Force-Controlled. Fixed mode is aimed at attaining ipsi-lateral growth arrest while Force-
Controlled modulated growth for the desired growth rate. Figure 3-2 illustrates the 
preliminary top and bottom implant slots for screw insertion and the various screws 
positions for fixed, force-controlled, and height adjusted to large vertebra. The final 
manufactured slots are also presented and will be discussed in-depth.  
 
Fixed mode setup: 
To achieve this application, the screws are positioned as illustrated in Figure 3-2. The 
implant is placed on a custom holding tool and then inserted on the vertebra. The first 
screw is then inserted in the lower slot of the top implant component and through the slot 
of the bottom implant, which is then fastened for secure fixture. Screw concentricity and 
alignment is ensured by the holding tool. The second screw is then inserted through the 
second slot of the top implant component for final fixation. Following spinal growth, the 
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passive reaction forces created on the screws restrain growth. Two screws ensure 
adequate fixation and limit components relative displacements. 
 
Force-Controlled mode: 
The positioning steps are similar to the fixed mode setup; however, differences lie within 
the addition of an elastic or hyper-elastic ligament (thereafter named “ligament”), which 
provides the desired compressive forces. The implant is assembled per-op by inserting 
the ligament in the corresponding grooves featured on the top and bottom implant 
components. Similarly, the implant is inserted on the vertebral body with screws not fully 
fastened to allow relative translation and prevent restraint via locked screws. The ligament 
tension then modulates axial growth via choosing the appropriate ligament properties. 
Hyper-elastic ligaments are proposed since they exhibit relatively constant reaction loads 
over a large displacement scale (Figure 3-3); thus, loading remains consistent even 
following implant height adjustment (Figure 3-4). Growth modulation is then achieved as 
a function of the applied, controlled ligament tension. 
 
Figure 3-2: Top and lower implant slots and screw locations for different applications modes. 
Slots are depicted in Figure 3-1 for each of the implant components. Vertically stacked slots 


























Figure 3-3: Hyperelastic material stress-strain curve. Target zone indicates hyperelastic ligament 
elongation zone for controlled/constant load (Modified from: 
http://abaqusdoc.ucalgary.ca/v6.9/books/gsa/default.htm?startat=ch10s06.html). 
Following several design iterations, it was then decided to pursue the Fixed Mode design 
with a slight design alteration to minimize machining time for this thesis’s initial in vivo 
investigation (Figure 3-2: Manufactured slots). Briefly, a similar setup as fixed mode is 
applied with replacing the obround for the top implant and bottom implant by circular slots. 
Dual-epiphyseal growth modulation feasibility was formerly tested via numerical 
simulations on an adolescent scoliotic spine [170] and using the in-house developed 
porcine spine finite element model (presented subsequently in this thesis work) both of 
which integrated growth dynamics (Figure 3-4). Finally, prior to physical in-situ testing, the 
preliminary implant designs were 3D printed using a 10/1 scale to confirm feasibility of the 
holding tool and the initial expansion mechanism. Once satisfactory, one-to-one scaled 
implants were 3D printed and tested on equivalent Sawbones T7-T9 multi-segmental 
spinal unit. The final implant was then designed using CATIA V5R20 (Figure 3-5).  
Surgical insertion is achieved via 4 steps. First, the implant is placed on a custom holding 
tool and its height is adjusted intra-operatively using a custom fitted T15 Torx head. The 
implant is then positioned on the vertebral body with gentle tapping insuring prongs are 
located between the growth plates and discs proximally and distally. The first screw is 
inserted via the custom holding tool to ensure concentric alignment. Finally, the holding 








Figure 3-4: DUAL-Epiphyseal staple simulations on human and porcine FEMs. Potential 
correction in human and promising induction in pigs. 
An additional advantage of the final implant design is the ability to insert the top or bottom 
components individually, should the need arise. More specifically, each component 
includes guides for the holding tool. Intra-operatively, if the surgeon deems the vertebra 
extremely deformed and cannot accommodate dual-epiphyseal insertion, one component 
can be inserted to obtain modulation similar to the current hemi-staple. 
 
Figure 3-5: Final implant design and surgical steps. SCALE: 4:1
DWG: CSSP 1.1
MATERIAL:STAINLESS STEEL 316L (UNS S31603)
ÉCOLE POLYTECHNIQUE
GENERAL TOLERANCES:

































The implant was then machined and tested on Sawbones vertebra to affirm the feasibility 
of the height expansion mechanism and ease of insertion between the disc and vertebral 
body. With satisfactory in situ results, in vivo trials were conducted on immature pigs and 
followed over 3 month growth (Section 3.2). Intra-operatively, the insertion site was guided 
via fluoroscopic imaging followed by implant height adjustment (Figure 3-6). This in vivo 
investigations constituted the subject of the first article as part of this thesis while the 
implant’s design was submitted as a “Declaration of Invention” for Ecole Polytechnique’s 
records. 
 





3.2 Article 1 : Local Epiphyseal Growth Modulation for the 
Early Treatment of Progressive Scoliosis: Experimental 
Validation Using A Porcine Model 
To test the previously described device, an in vivo study was conducted to assess global 
spinal modifications (deformity induction) over 3-month growth along with local vertebral 
alterations reflected by vertebral wedging and left/right height differences. 
This in vivo study was reported in a paper submitted to the journal Spine on October 22, 
2015 under the title “Local Epiphyseal Growth Modulation for the Early Treatment of 
Progressive Scoliosis: Experimental Validation Using A Porcine Model”, for which the 
contribution of the first author is considered as 85%. The manuscript was accepted for 
publication and was pre-published on February 8, 2016. Conclusions drawn allowed 




Local Epiphyseal Growth Modulation for the Early Treatment of 
Progressive Scoliosis: Experimental Validation Using A Porcine Model  
Bahe Hachem1,2 B.Eng., Carl-Eric Aubin1,2,3 Ph.D. P.Eng., Stefan Parent2,3 M.D. Ph.D 
1Dept. of Mechanical Engineering, Polytechnique Montreal, Montreal, Canada 
2Research Center, Sainte-Justine University Hospital Center, Montreal, Canada 
3Dept. of Surgery, Faculty of Medicine, Université de Montréal, Montreal, Canada 
 
Address for notification, correspondence and reprints: 
Carl-Eric Aubin, Ph.D., P.Eng. 
 Full Professor  
Polytechnique Research Chair in Orthopedic Engineering’ & NSERC/Medtronic Industrial 
Research Chair in Spine Biomechanics 
 Polytechnique Montreal, Department of Mechanical Engineering  
 P.O. Box 6079, Station “Centre-ville”, Montreal (Quebec), H3C 3A7   CANADA 
 E-mail:  carl-eric.aubin@polymtl.ca  
 Phone:  1 (514) 340-4711 ext 2836; FAX: 1 (514) 340-5867 
 
Disclosure: This study was funded by the Natural Sciences and Engineering Research Council 
of Canada (grant # 346145 - 11; Industrial Research Chair with Medtronic of Canada). 
 
Acknowledgement: The authors would like to acknowledge the assistance of Dr Gabriel Gutman 
MD, Dr Aurélie Benoit PhD, Dr Irène Londono PhD, and Viviane Lalande MASc. 
 
The device(s)/drug(s) that is/are the subject of this manuscript is/are not FDA-approved for this 





Experimental study of a localized device for the control of the vertebral growth using an 
immature porcine model. 
Objective 
To experimentally evaluate a localized device acting on the epiphyseal growth plates 
without bridging the intervertebral disc of immature hybrid pigs over three months of 
growth. 
Summary of background data 
Based on current published literature, fusionless devices offer promising scoliosis 
treatment alternatives to conventional spinal instrumentation and fusion in the growing 
spine. Current compression-based devices achieve growth modulation while also 
compressing the intervertebral discs, increasing the risk of long-term disc degeneration.  
Methods 
An intravertebral staple acting on both the superior and inferior growth plates was inserted 
locally over T7-T9 of 7 healthy immature pigs. Four age-matched animals served as 
controls. Radiographs were acquired monthly to assess induced spinal curvature and 
vertebral wedging (inverse model). Global (spinal) and local (vertebral, discal) geometric 
changes were evaluated over 3-months follow-up. Final left/right vertebral height 
differences were also quantified. 
Results 
The only postoperative complication observed was one pig that had a persistent deep 
infection and excluded from the study. No significant changes in spinal alignment were 
reported in control animals. Final induced Cobb angle was 25.0°±4.2° measured over T7-
T9, with no observable sagittal profile modification. Highest vertebral wedging occurred at 
T9 with 18.2°±2.7°. Cumulative vertebral wedging over T7-T9 accounted for 45.4°, 
demonstrating evidence of reversed disc wedge phenomenon. Vertebral height was 
3.9±1.0mm shorter on the instrumented side suggesting full growth restraint. Local and 





In this animal model, the local epiphyseal device achieved significant localized growth 
modulation over as little as three instrumented levels, with explicit vertebral wedging 
exclusive of the intervertebral disc. By increasing the number of instrumented levels, one 
may achieve higher curvature control potentially providing a unique local correction 
method to correct spinal deformity without affecting the intervertebral disk. 
Keypoints: 
• The explored local epiphyseal dual-staple achieved significant vertebral growth 
modulation evidenced by vertebral wedging (18°) over merely 3 instrumented 
vertebrae (cumulative vertebral wedging: 45°) exclusive of the intervertebral disc. 
• The induced vertebral wedging was compensated by reversed disc wedging, 
emphasis of the local vs global effect, which may be explained as a physiological 
response of a normally straight pig spine to maintain a forward looking gaze. 
• The experimental results suggest that the explored device could be exploited for 
the correction of scoliotic spinal deformities via passive growth modulation without 
bridging the intervertebral disc space. 
Mini Abstract/ Précis: 
A localized epiphyseal device acting on 3 vertebrae without crossing the discs was 
evaluated on 7 immature pigs over 3-months growth. Localized growth modulation (24.5° 
Cobb angle) and explicit vertebral wedging (18.2°) were achieved, which may be 




Scoliosis is a biomechanically complex three dimensional deformity of the spine, whose 
treatment is challenging, especially in young children. The gold standard in treating curves 
progressing beyond 40° relies on re-aligning the spine with instrumentation accompanied 
by segmental spinal arthrodesis (fusion), invasively reducing spinal mobility. 
Recent interest has shifted towards minimally invasive fusionless scoliosis treatment 
strategies that harness residual vertebral growth. By increasing compressive loading on 
the growth plates, growth can be retarded (Hueter-Volkmann principle [1]). As such, 
fusionless devices attempt to reshape wedged vertebrae to their normal geometries and, 
over time, realign the spine while maintaining segmental mobility [2] without resorting to 
invasive surgery [3]. Several investigations have attempted compression-based 
fusionless scoliosis correction in growing spines, clinically, using anterior vertebral body 
tethering [4] or stapling [2] on the convex side of curves generally below 45° [4] as larger 
curves require substantial initial intra-operative correction, increasing compression on the 
intervertebral discs (IVD) and the risk of spontaneous spinal arthrodesis [2].  Experimental 
testing of compression-based fusionless devices revealed changes in disc viable cell 
density and reduced vascularization of the endplates, which may lead to disc degradation 
[5]. Although promising, the temporal influence of current treatments on the IVD health is 
halted by the insufficient solid long-term clinical outcomes. 
Fusionless growth modulating implants are explored via animal trials before translating 
findings to clinical applications. Braun et al. [6] reported successful correction of an 
otherwise induced deformity with implant efficacy halted by initial curve magnitude and 
staple loosening. Bylski-Austrow et al. [7] reported reduced growth ipsi-lateral to the 
implant using a rigid staple spanning the IVD space with reduced disc height and range 
of motion [8], with no consensus to the required range of motion for sustained IVD health. 
Newton et al. [9] used unilateral 4-level AT. Although no degeneration was observed in 
an otherwise compressed disc, the observations were limited to 12 months follow-up, 
which does not represent long-term clinical applications of the device. Liu et al. [10] 
focused on elastic posterior L1-L5 tethering on pigs resulting in local and global spinal 
deformity with changes in endplate epiphysis and reduced disc thickness. Burke et al. [11] 
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demonstrated the three-dimensional curve induction/correction potential of a novel 
construct in immature lambs with promising results and maintained spinal mobility in all 
three anatomical planes. Their proposed approach may reduce the risk of segmental 
symptomatic degenerative changes but further investigation is required for conclusive 
analysis.  
As fusionless instrumentation approach intends to maintain intervertebral mobility, disc 
health is utmost important to consider. The above promising implants bridge the 
intervertebral gap and predominantly compress the IVD, increasing the risk of segmental 
disc degeneration and growth plate damage. Based on short-term literature, minimizing 
the compression on the disc is anticipated to have less long-term detrimental effects. To 
address this shortcoming, Driscoll et al. [12] implanted intravertebral hemi-staples, a 
device with a prong located between the growth plate and the disc and attached to the 
vertebral body wall, without spanning the IVD space. Reported data showed apparent 
localized vertebral wedging and evident instrumented Cobb angle with signs of disc health 
sustainability [12]. Yet, the proposed localized hemi-staple acted solely on the superior 
growth plate and did not harness the full vertebral growth potential. To address this issue, 
this study aimed at developing a localized implant acting simultaneously on the superior 
and inferior growth plates, maximizing growth modulation, while providing an expansion 
mechanism to intraoperatively accommodate various vertebral shapes and testing the 
proposed implant on immature pigs to assess local growth changes and global spinal 
deformity. 
3.2.2 Material and Methods 
3.2.2.1 Implant Functional Description 
The feasibility of the proposed implant, namely dual-staple, was first evaluated using in-
house simulations on a porcine spine finite element model (FEM) and published 
simulations on a patient specific FEM [13]. The implant comprised of two portions: an 
upper and a lower piece (Figure 3-7). Each piece comprised a 0.5mm thick prong inserted 
between the IVD and the thin ossification site just above the growth plate (5mm approx. 
penetration)) and a body attached to the vertebral body wall. The latter included guides 
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for a custom holding tool and fixed using bone screws (25x2.8mm diameter). In this 
custom design, the upper piece slides via a custom expansion mechanism with the lower 
piece secured to the holder allowing for intra-operative height adjustment and prong re-
positioning for various thoracic/lumbar vertebral morphologies (Fig. 1).  Stainless steel 
316L (UNS S31603) was used for the dual-staple and bone screws.   
3.2.2.2 Surgical Procedure 
Eleven 11-week-old hybrid female pigs (Landrace/Yorkshire, 25-35Kg) were allowed to 
acclimatize for 1 week after arrival. Animals were randomly assigned into two groups: 7 
instrumented and 4 controls, with group sizes determined using a power of 0.8 and a 
significance of 0.05. The study was approved by our Hospital Institutional Committee for 
Animal Care in Research and our University Ethical Committee. Pre-operatively, animals 
were sedated by intramuscular injection of atropine (0.04 mg/kg), azaperone (4 mg/kg), 
and ketamine (25 mg/kg). Propofol (1.66 mg/kg) and buprenorphine (0.02 mg/kg) were 
injected intravenously prior to intubating with a 6.5mm endotracheal tube.  Anaesthesia 
was maintained by automatic ventilation (oxygen and 1-3% Isoflurane). Heart rate and 
blood pressure were tracked via a monitor connected to the tip of the ear or tongue. 
Surgery was performed under a sterile environment in the left decubitus position with 
insertion site shaved and prepared with Proviodine solution. Access to vertebrae T7-T9 
was achieved via a right side thoracotomy between the seventh and eighth ribs. 
Fluoroscopic imaging allowed insertion site guidance with the dual-staple mounted on a 
custom-designed holding tool and device height was precisely adjusted via the custom 
expansion mechanism (Figure 3-7). Once satisfactory positioning was achieved, a screw 
was inserted to fix the lower implant portion. The holding tool was then repositioned on 
the top piece using guides and a second screw was inserted for final construct fixation 
(Figure 3-7). The implant design and insertion method were meticulously crafted to 
minimize surgical steps (4 total steps/vertebra).  
Site closure was performed after T7-T9 device insertion in the instrumented group (Figure 
3-8). All surgeries were performed by the same spine surgeon. A fentanyl patch (7.5 mg) 
and intramuscular injections of antibiotics (Excenel 3 mg/kg) were administered over 3-
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days post-operative. Pigs were allowed to interact and socialize once recovery was 
confirmed prior to which they were kept in individual cages. 
Follow-up proceeded 85±2 days (12 weeks) post-operative during which animals were 
housed locally for the first three weeks then transferred to a private facility for the 
remainder of the study. Monthly postero-anterior (PA) and lateral (LAT) radiographs were 
taken with the animals placed in prone position on a custom sling. While imitating the 
natural quadrupedal spinal configuration as closely as possible, this setup allowed for 
standardized acquisitions and reduced repositioning errors as the X-ray source moved 
between orthogonal views. Animals were then euthanized by inducing deep anaesthesia 
followed by a lethal injection of saturated potassium chloride. 
3.2.2.3 Progressive Deformity Evaluation 
Relevant clinical indices were measured at each radiographic time-point to assess and 
quantify the temporal changes introduced by the device. Constrained Cobb and sagittal 
curve angles were measured between T7-T9 to assess global spinal alterations (angles 
between the upper endplate of the superior instrumented vertebra and the lower endplate 
of the inferior instrumented vertebra on both the coronal and sagittal views (Figure 3-8). 
Furthermore, coronal and sagittal vertebral wedging were measured at each level from T6 
to T12. Similarly, coronal and sagittal intervertebral disc wedging was assessed from T6 
to T12. Vertebral and intervertebral levels were selected to further assess the local 
changes at the instrumentation site (T7-T9), adjacent to instrumented levels, and off-
instrumentation in both anatomical planes. Also, terminal left/right vertebral height 
differences were measured for instrumented vertebrae. Equivalent regional and local 
measurements were performed for control animals. Temporal measurements 
(Constrained Cobb and sagittal angles, vertebral wedging, and IVD wedging) and final 
vertebral height difference were compared between the instrumented and control group 
using Student’s t-tests (significance level p<0.05). 
Implants were verified for possible loosening/dislodgement. Additionally, relative 
segmental implant interaction, identified by implant contact between adjacent vertebrae, 
was verified as intervertebral spacing is limited in pigs [14]. Implant placement was 
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assessed at each radiograph and compared to previous images to confirm consistent 
prong placement between the growth plate and the IVD. Implant components (upper and 
lower) were observed over the follow-up period to confirm secure fixation with no relative 
displacement (upper with respect to lower component). The spines (T1-T15) were 
harvested immediately post-sacrifice to further verify both sustained mobility and no 
implant segmental obstruction. Manual left/right bending under fluoroscopic imaging 
identified vertebral motion to visually confirm sustained mobility. Finally, screws and 
implants were extracted for preliminary bone/screw interface assessment. 
3.2.3 Results 
3.2.3.1 Surgery and post-sacrifice examination 
Minimal blood loss occurred during surgery (<50 ml) and no immediate postoperative 
complications were observed. Average surgery time to install all three devices, including 
incision site opening and closure, was 32.5 min (standard deviation 8.2 min). The animals 
weighed 29.1±7.4 kg pre-op. The instrumented group underwent weight gain of 2.6±1.3 
kg/week and showed no signs of reduced physical activity while controls gained 3.0±1.8 
kg/week (p=0.14). No animal was lost during the study period, but post-sacrifice 
examination revealed signs of deep infection in one animal, which was subsequently 
omitted from the study. Early signs of infection were observed in two cases, which were 
treated accordingly and recovered within the first week post-op. Two animals (including 
the omitted case) showed 2 fused ribs near the incision site only observed during 
dissection. No implant dislodgment was noticed from radiographs or at dissection. 
Conversely, some screws were easily removed for 3 cases with no evidenced implant 
loosening. No contact between adjacent implants was apparent in post-sacrifice imaging. 
Manual bending confirmed sustained mobility albeit minimal in this animal model (Figure 
3-9). 
3.2.3.2 Analysis of postoperative regional indices 
Pre-sacrifice global angles showed the apparent effect of the dual-staple (Figure 3-10). In 
the coronal plane (Figure 3-11a), instrumented Cobb angle (between T7-T9) was 
25.0±4.2° (range: 20°-32°), while kyphosis was 11.2±4.2° (range: 6°-17°) in the sagittal 
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plane. Differences between instrumented and controls were statistically significant for the 
Cobb angles (p<0.0001), but not for the sagittal angles (11.2±4.2° vs 6.5±2.2, 
instrumented vs controls). 
3.2.3.3 Analysis of postoperative local indices 
Induced coronal vertebral wedging was evident at the instrumented levels at every time-
point, with the maximum value at T9 (final: 18.2±2.7°, range: 15°-23°) (Figure 3-11b). 
Instrumented vertebral wedging was statistically different than controls at each time-point 
(p<0.0001). Cumulative 3-level vertebral wedging was greater than 45°. Non-
instrumented vertebrae (T6, T11, and T12) showed no statistical differences with controls. 
Vertebral wedging in the sagittal plane was not significantly different from controls at each 
measured level. 
No statistical difference was observed in the sagittal plane between both instrumented 
and control intervertebral disc wedging. Similarly, coronal plane IVD wedging for the 
controls and tested group did not differ between T10-T11 and T11-T12. Intervertebral disc 
wedging adjacent to the instrumented region (T6-T7 and T9-T10 IVD wedging) was -
9±1.5° and -8.7±3.7°, respectively and was significantly different than control equivalents 
(p<0.0001). Furthermore, intervertebral disc wedging between instrumented vertebrae 
was statistically different than controls (p<0.0001). IVD wedging was most prominent at 
T8-T9 level for the 8w (-10.2±1.5°) and 12w (-11.2±2.6°) time-points (Figure 3-11c) but 
not statistically different when compared to the remaining instrumented levels for 
equivalent time-points. 
Vertebral body height difference was most notable for the tested group. Instrumented 
vertebral concave/convex height difference was 2.9±1.0mm, 4.0±0.8mm, and 3.9±1.0mm 
for T7, T8, and T9 respectively (vs. -0.1±0.26mm, 0.1±0.28mm, and 0.3±0.48mm, 
respectively for control animals). 
3.2.4 Discussion 
The dual-staple intravertebral device modulated growth with evidenced vertebral 
concave/convex height difference and coronal plane vertebral wedging towards the 
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instrumentation side with global deformity, exclusive of the intervertebral disc. The 
deformity was prominent within the instrumented region; yet, cumulative instrumented 
vertebral wedging (>45°) was greater than constrained Cobb angle. These differences are 
clear indications of the local versus the global effect of the implant designed to locally 
reshape the vertebral body to its normal morphology without compromising the 
intervertebral junction. The absence of wedging in the adjacent vertebrae further 
accentuates the local effect of the implant as constrained Cobb angle was measured 
between wedged vertebrae. The unaltered sagittal angle is explained by the lateral 
implant placement intended to act in the coronal plane exclusively, without affecting axial 
rotation as it requires bridging the intervertebral gap to exploit coupled vertebral motion. 
Inserting the implant antero-laterally would allow controlling the coronal and sagittal 
deformities; nonetheless, in vivo trials are required to establish an affirmation. 
The explored device achieved significant cumulative vertebral wedging >45° over only 
three levels; however, this prominent local deformity was compensated by IVD wedging 
in the opposite direction. Newton et al. [15] also observed reversed disc wedging when 
inducing a spinal deformity with an anterior tether. This phenomenon is not unheard of in 
experimental scoliosis induction surgery involving implants positioned on the vertebral 
bodies as they do not produce enough moment to counteract the physiological 
compensatory mechanism in quadrupeds. We believe quadrupeds tend to maintain a 
forward gaze as a natural head position enforcing a moment opposing an otherwise global 
deformity and engendering localized reversed disc wedging. The absence of the latter in 
other scoliosis inducing techniques can be attributed to the large moment arm produced 
when combined with ipsilateral rib tethering [16] or the implant’s lateral offset [17]. 
Nonetheless, the presented device achieved substantial local deformity and perhaps its 
corrective potential would not be hindered by reversed disc wedging as discs are already 
wedged in the same direction as the vertebrae in human scoliotic spines [18,19]. Thus, 
the device would mostly act on reversing vertebral wedging with disc wedging eliminated 




The device achieved more than two times the vertebral wedging expected from a similar 
device [12], anteriorly tethered vertebrae [15], and posterior spinal tethering [20] on age-
matched animal models. Sizable differences can be attributed to rigidly fixing the dual-
staple with two screws, eliminating relative top/bottom implant motion allowing full local 
growth restraint. Landrace/Yorkshire hybrid pig vertebrae grow 20μm/day/growth plate on 
average (3.4 mm/vertebra/12weeks) equivalent to our measured vertebral height 
difference (4.0 ± 0.8 mm) indicative of adequate superior/inferior epiphyseal plate growth 
restraint. Unlike this study, Driscoll et al.’s hemi-staple [12] was fixed with one screw 
creating minimal hinge effect at the screw/implant interface, loosing part of its restraining 
effect during the early stages of growth. Moreover, the explored dual-staple acted locally 
without transmitting loading through the intervertebral disc, contrary to vertebral tethering, 
and thus modulated vertebral growth through growth restraint, exclusively. 
The prong was designed for insertion between the IVD and the upper/lower growth plates 
(or second ossification endplates for porcine vertebrae) posing a concern about its 
influence on the disc health. Histological evidence revealed sustained growth plate and 
disc health for similar prong designs when inserted directly above the endplate just below 
the disc [21]. In our study, the device was consistently positioned between the disc and 
the corresponding upper/lower endplates with no dislodgment/loosening. Moreover, the 
device’s unassuming design simplifies surgical maneuvers and lowers implant 
misplacement risks since the custom expansion mechanism allows for real-time intra-
operative implant height readjustment for varying vertebral shapes and realignment 
between the growth plates and discs. Furthermore, porcine vertebrae typically present a 
second ossification layer [22] granting easy identification of the IVD/vertebra interface. 
Humans lack this second ossification site. Clinically, one would require a more robust 
guiding technique using, perhaps, custom probes with micrometer resolution [23]. Further 
histological analysis is required to confirm sustained disc health.   
The current study poses several limitations. Radiographs were acquired at two different 
housing sites; nonetheless, the same custom sling was used, ensuring standardized 
imaging as animals enlarge over time and reducing spinal shape changes by eliminating 
animal repositioning between PA and LAT views. Moreover, poor image quality limited 
84 
 
instrumented vertebral endplate visibility in the PA view due, but not limited to, the sternum 
obstruction and the implant signal attenuation. Measurements were consistently 
performed by the same operator based on detailed knowledge of porcine spine anatomy 
to reduce temporal measurements inconsistencies. Finally, fused ribs cases included the 
omitted animal (deep infection) and a case with a broken rib removed intra-operatively to 
eliminate complications. Controlled manual bending images confirmed maintained 
mobility, although minimal, indicating the negligible effect of these fused ribs. Perhaps a 
modified manual bending protocol would demonstrate a rather physiological intervertebral 
mobility. 
3.2.5 Conclusion 
In this animal model, the explored local epiphyseal device achieved significant vertebral 
growth modulation over as little as three instrumented levels, with explicit vertebral 
wedging. Perhaps one may attain better curvature control by increasing the number of 
instrumented vertebrae over the apical region thus providing an efficient corrective 
method for spinal deformity excluding the intervertebral discs. 
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Figure 3-7: Intraoperative fluoroscopic image of dual-staple insertion site. The implant's height is 

























Figure 3-9: Example of manual left bending under fluoroscopic imaging showing sustained 
mobility in instrumented and off-instrumented regions when compared to control spines. 
 
Figure 3-10: Close-up radiographs in the coronal view 1 and 12 weeks postoperative and 


























global deformity are evidenced at 12 weeks and post-harvest (at 12 weeks) showing important 
vertebral coronal wedging at T7, T8, and T9. 
 
Figure 3-11: Instrumented vs. control temporal coronal T7-T9 regional (a) and T9 vertebral 
coronal wedging (b) coronal T8-T9 intervertebral disc wedging (c). Results presented as means 
± standard deviation. 
 





























































3.3 Additional ex-vivo observations and prospective analyses 
of the instrumented vertebrae 
Following the in vivo trials performed jointly at Sainte-Justine hospital’s animal facility and 
AccelLab Inc., animals were euthanized by inducing or maintaining deep anesthesia 
followed by a lethal injection of saturated potassium chloride (KCl, rapid IV bolus). Death 
was confirmed by auscultation. Animals were then subjected to an extensive necropsy 
with a detailed examination of the spine, the external body, and the thorax (including its 
contents). Any particular observations were documented with tissue harvested for 
sampling. The spine (C1-L6), including 3-5 cm left and right ribs, were harvested and 
immersion-fixed in neutral buffered formalin (NBF). Spines were cut in three sections 
(cervical, thoracic, and lumbar) before immersion due to the limited transport box sizes.  
The spines were then dissected within 24h to minimize the effect of NBF on tissue fixation. 
Each spine was carefully dissected allowing the extraction of T7-T9 segments as well as 
T11-T12 from both instrumented and control animals. The former segment identified the 
instrumented (and control counterparts) levels while the latter were defined as internal 
controls, which were chosen to investigate the off-instrumented influence of the device. 
Segments were then used for two investigations (Figure 3-12). First, T7-T9 segments 
(controls and instrumented) were scanned via µ-CT imaging to assess bone micro-
architectural integrity and bone mineral density. Scans also served as critical indicators to 
investigate the performance of the implant as well as the implant’s insertion site otherwise 
not easily distinguished via traditional radiographs. Second, T7-T9 and T11-T12 segments 
were then embedded in methylmethacrylate following a well-documented procedure for 
future histomorphometric analyses to quantify growth dynamics, growth plate height, 
hypertrophic zone and chondrocyte heights, and intervertebral disc integrity. Briefly, 
segments were soaked in 4% paraformaldehyde (PFA)/PBS with 3 solution changes over 
7 days succeeded by dehydration in ethanol with 80%, 95%, and 100% concentration with 
3 solution changes over 7 days. Twenty-four hours in 100% xylene (3 solution changes) 
resulted in complete specimen dehydration. Samples were then passed in 0%, 1%, and 
3.8% MMA over 14 days before which they were embedded in 3.8% solution for final 
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polymerization. An abnormal heat diffusion interfered with normal polymerization and 
prompted re-initiation of the MMA embedding procedure over an additional 14 days. 
 
Figure 3-12: Illustration of excised segments and projected study allocation 
3.3.1 µ-CT investigation 
3.3.1.1 Methods 
Imaging was performed using a SkyScan 1176 µ-CT. The excised T7-T9 spinal segments, 
including IVDs, were wrapped in PBS-soaked gauze and placed on the scanner’s bed. 
Each segment was scanned individually after removal of the posterior elements due to 
the limited scan diameter (68mm) using consistent parameters between samples (18 µm 
resolution, 90 kV, 278uA, 0.5 mm Aluminum filter, and 0.5° rotation step). Scans were 
typically completed within 45-60 min, each.  
The rational for the acquired scans was to assess the bone micro-architecture integrity 
and bone mineral density. Bone micro-architecture is characterized using specific indices: 
the bone volume fraction (Bv/Tv), specific bone surface (Bs/Bv), trabecular number (TbN), 
trabecular thickness (TbTh), trabecular separation (TbSp), and connectivity density (Cod). 
These parameters quantify bone quality and micro-architecture and are automatically 
calculated following post-processing of reconstructed CT slices and SkyScan’s provided 
software. The reconstructed slices also allowed visualizing bone’s integrity at implant and 




























Here, a qualitative analysis is presented and further quantitative analysis will shape the 
framework of a future project. As such, Figure 3-13 shows mid-coronal CT slices for 
instrumented and control T7-T9 vertebrae. Figure 3-14 illustrates the mid-transverse 
slices for T7, T8, and T9 instrumented and control vertebrae. 
 
Figure 3-13: Mid-coronal CT slices. Top row shows instrumented T7-T9 vertebrae, and bottom 




Figure 3-14: Mid-transverse CT slices. Top 3 rows correspond to instrumented T7, T8, and T9 
while the bottom row corresponds to control counterparts. Numbers identify animal tags. 
The following table summarizes the qualitative µCT and radiographic observations. 
Table 3-1: µ-CT qualitative observations 
Pig # Group Qualitative Observations and Comments 
0113 Control No signs of vertebral deformity or malformation. 
0114 Instrumented 
No sagittal wedging, no signs of implant slippage. Evident coronal 
wedging. Screws penetrated spinal canal, Signs of bone lose and fibrous 
tissue formation around and over implant. 
0115 Instrumented No sagittal wedging, no signs of implant slippage. Evident coronal wedging.  Screws penetrated spinal canal. 
0116 Control No signs of vertebral deformity or malformation. 
0117 Instrumented No sagittal wedging, no signs of implant slippage. Evident coronal wedging. Fibrous tissue formation around and over implant. 
0118 Control No signs of vertebral deformity or malformation.  
0119 Instrumented 
No sagittal wedging, no signs of implant slippage. Evident coronal 
wedging. Significant bone loss due to deep tissue infection evident during 




Figure 3-15: Instrumented vs. Control transverse CT cuts showing possible signs of restrained 
bone growth, bone drift phenomenon, and fibrous callus formation. 
3.3.1.3 Discussion 
Qualitatively, three phenomena can be observed from transverse CT cuts (Figure 3-15). 
First, peripheral (appositional) growth appears as ongoing. The cortical shell is flattened 
ipsi-lateral to instrumentation site with tendencies of shaping to the implant’s periphery 
when compared to control vertebrae. The device restrained peripheral growth as it was 
fixed on the vertebral body wall. Transverse vertebral growth is not well documented within 
the literature which limited direct comparison with similar device circumferential profiles 
sheathing the vertebral body wall [181], [190] or bone anchor screws [184], [223]. 
Nevertheless, adolescent human vertebrae seize peripheral growth between 10-12y age 
[66]; thus, clinical applications will not be hindered by vertebral transverse growth. 
Furthermore, a fibrous callus was found in two animals, one of which was omitted from 
the submitted manuscript due to discovering deep tissue infection at necropsy. The 
infection found its way to the vertebral bodies, consuming more than 1/3 of its volume as 
0120 Instrumented 
No sagittal wedging, no signs of implant slippage. Evident coronal 
wedging. Fibrous tissue formation around and above implant. Signs of 
bone loss. 
0121 Instrumented No sagittal wedging, no signs of implant slippage. Evident coronal wedging. Best implant placement. Minor fibrous tissue formation. 
1022 Instrumented No sagittal wedging, no signs of implant slippage. Evident coronal wedging. No fibrous tissue formation. 
0123 Control No signs of vertebral deformity or malformation. 
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evident in Figure 3-13 (animal 0119). In the second case (animal 0120), the source of the 
formation was unknown. It may have been due to intra-operative tissue injury or a 
response to prolonged (1 week) antibiotic exposure. Other sources may be linked to a 
broken rib during intra-operative manipulations. In both cases, its presence was 
undetected via conventional radiographs but was evident during dissection. Yet, manual 
left and right bending of the excised spine showed maintained spinal mobility under 
fluoroscopic imaging.  
Finally, bone drift was observed in 4/6 animals contra-lateral to instrumentation side which 
may have been due to bone remodelling. More specifically, the implant’s construct may 
have stress-shielded the vertebral body, and perhaps re-allocated loading to the un-
instrumented side, increasing appositional bone formation. However, qualitatively, the 
cortical shell thickness at instrumentation side was similar to control animals contradicting 
possible stress shielding pending quantitative measurements. A separate explanation 
may be linked to the animals physiological response. In our submitted investigation, 
reversed disc wedging was evidenced and it was speculated as a compensatory response 
of animals, opposing an otherwise unnatural imposed spinal deformity. A closer look at 
the transverse µCT slices with this bone drift example further explains such compensatory 
in vivo response as the contra-lateral side exhibited an excess loading following animals 
re-straightening their spines. An interesting approach would require testing the device to 
correct deformed animal spines and observe bone drift occurrence. 
These qualitative observations show the macro-structural changes due to the implant; 
however, as explained, many of these changes may have been secondary to injury. The 
second phase was to analyze the micro-architecture of the vertebral body trabecular bone. 
The framework for this study was initiated within this thesis. To analyse the bone mineral 
density, a reference model was used to calibrate the density range curve. As such, pig 
and human phantoms (250 and 750 mg/cc) were scanned using the same parameters as 
the control and instrumented vertebrae. Phantoms allow calibrating a linear BMD curve 
as a function of the Hounsefield unit (HU). Pig phantoms were chosen as they best 
describe the expected range of densities for our investigation. Micro-architectural 
parameters and BMD will be used to quantify the quality of bone in regions of interest and 
compare results to control animals. 
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CHAPTER 4 FINITE ELEMENT MODEL FOR THE SIMULATION OF 
PROGRESSIVE EXPERIMENTAL SCOLIOSIS 
4.1 Framework of the second article 
Animal models have been extensively explored to establish progressive in vivo scoliosis 
models and evaluate the intra-operative, post-operative, and long-term effect of new, 
state-of-the-art fusionless implants (Section 1.4.3.3, Table 1-3). However, current 
experimental testing strategies can be time and cost-consuming as they require follow-up 
over several months for each implant design iterations. This study aimed at developing 
and validating a novel porcine spine finite element model as an alternative platform to 
simulate progressive experimental scoliosis and fusionless implants. A well-established 
experimental porcine scoliosis model and deformity correction were simulated and 
compared to published results. Two additional fusionless implants were simulated via the 
inverse approach and the induced deformities were compared to reported data. 
The results of the performed simulations were submitted to European Spine Journal on 
March 10 2016, under the title “Porcine Spine Finite Element Model: A Complementary 
Tool to Experimental Scoliosis Fusionless Instrumentation”, for which the contribution of 
the first author is considered as 85%. Conclusions drawn allowed realization of objective 
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Purpose: Developing fusionless devices to treat pediatric scoliosis necessitates lengthy and 
expensive animal trials. The objective was to develop and validate a porcine spine numerical 
model as an alternative platform to assess fusionless devices. 
Methods: A parametric finite element model (FEM) of an osseoligamentous porcine spine and 
ribcage, including the epiphyseal growth plates, was developed. A follower type load replicated 
physiological and gravitational loads. Vertebral growth and its modulation were programmed 
based on the Hueter-Volkmann principle, stipulating growth reduction/promotion due to 
increased/reduced compressive stresses. Scoliosis induction via a posterior tether and 5-level rib 
tethering was simulated over 10 weeks along with its subsequent correction via a contralateral 
anterior custom tether (20 weeks). Scoliosis induction was also simulated using two 
experimentally-tested compression-based fusionless implants (hemi & rigid staples) over 12 & 8 
weeks growth, respectively. Resulting simulated Cobb and sagittal angles, and apical vertebral 
wedging and left/right height `alterations were compared to reported studies. 
Results: Simulated induced Cobb and vertebral wedging were 48.4° and 7.6° and corrected to 
21° and 5.4°, respectively, with the contralateral anterior tether. Apical rotation (15.6°) was 
corrected to 7.4°. With the hemi and rigid staples, Cobb angle was 11.2° and 11.8°, respectively, 
with 3.7° and 2.0° vertebral wedging. Sagittal plane was within published range. Convex/concave 
side vertebral height difference was 3.1mm with the induction posterior tether and reduced to 
2.3mm with the contralateral anterior tether, with 1.4mm and 0.8mm for the hemi and rigid staples, 
respectively. 
Conclusions: The FEM represented growth-restraining effects and growth modulation with Cobb 
and vertebral wedging within 0.6° and 1.9° of experimental animal results, while it was within 5° 
and 2° for the two simulated staples. Ultimately, the model would serve as a time and cost-effective 
tool to assess the biomechanics and long-term effect of compression-based fusionless devices 
prior to animal trials, assisting the transfer towards treating scoliosis in the growing spine. 




While the etiology of scoliosis, a three-dimensional spinal deformity, is yet to be 
elucidated, the pathomechanism of this disease is linked to alterations in normal spinal 
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loading governed by the Hueter-Volkmann principle [1]. As such, asymmetrical spinal 
forces cause disruptions in the otherwise normal vertebral growth supported by the clinical 
presence of vertebral wedging within scoliotic spines [2]. Bracing and corrective spinal 
fusion prevail as prominent conventional treatments with the latter halting curve 
progression using instrumentation to fuse the spine. Despite its appealing outcomes, 
instrumentation and fusion is invasive and impairs spinal mobility. 
Recent investigations have explored minimally invasive growth-sparring devices that 
promote differential concave-convex growth modulation and, over time, locally reverse 
vertebral wedging and globally correct or arrest the spinal deformity. Clinical investigations 
demonstrated well-established findings using vertebral body stapling [3] and tethering [4]; 
yet, a solid design platform is required to further explore and assess the short- and long-
term effects of the wide designs of current and future fusionless approaches.  
By inducing (inverse approach) or correcting a deformity, animal models have been 
explored for fusionless implant concept testing, design parameter assessment, and 
validation prior to human clinical trials. Most prominent are immature swine for their 
comparable vertebral dimensions to adolescents [5], similar biomechanical behavior, and 
rapid growth rate [6], allowing the study of the potency of new implants in shorter periods 
of time (pigs grow approx. 1.1 mm/vertebra/month [7, 8] while adolescents during growth 
spurt grow 1 mm/vertebra/year [9]). Nevertheless, experimental trials can be time-
consuming when exploring a spectrum of implant designs and transfer the new knowledge 
to human cases. 
By integrating growth dynamics, finite elements models (FEM) were previously 
demonstrated as alternative numerical tools simulating and hypothesizing scoliosis 
pathomechanism theories [10, 11], curve progression [12], and long-term effects of 
fusionless devices [13]. Current models reflected human adolescent spinal geometries 
with limited attempts on animal models. Lafortune et al. [14] developed a chicken thoracic 
spine FEM simulating induced scoliotic-like deformation following pinealectomy. Kumar et 
al. [15] developed a porcine T7-T8 functional spine unit FEM including growth modulation 
and implant pre-stress with preliminary simulations in-line with previously reported 
histomorphometric results; however, the model did not capture the complete spinal 
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biomechanical behavior in fusionless implant surgery. Thus, no attempt to develop a 
porcine thoracolumbar FEM integrating growth dynamics for curve induction/correction 
has been documented. 
To address the underlying shortcomings, the objective was to develop, test, and verify a 
distinctive porcine spine finite element model by integrating biomechanical and growth 
responses, and simulating the long-term growth modulating action of different 
compression-based fusionless devices and comparing the deformity to published 
experimental data. 
4.2.2 Methods 
A parametric finite element model was developed using published morphometric data of 
a porcine spine [5] and ribcage (in-house measurements). Vertebral bodies were modeled 
with hexahedral elements depicting cancellous bone and 0.45mm thick cortical bone [16]. 
The posterior bony structures, ribs, sternum, and costal cartilage were modeled as 3D 
elastic beams while tension-only springs captured the non-linear behavior of the ligaments 
[10], with cross-sectional areas reflecting porcine specific anatomical measurements 
(Figure 4-1). Facet segmental orientation and location were assessed from μ-CT and CT 
imaging from three 2-months old fresh Landrace/Yorkshire pig spines using a custom 
algorithm (MATLAB 2013a, MathWorks Inc., Natick, Massachusetts). Surface-to-surface 
contact pairs and shell elements represented their behavior. Facet interlocking 
mechanism at T10-T11 vertebral level [17] was also accounted for similarly to the T12-L1 
facets transition in human spines. 
The IVD was divided into the nucleus pulposus (30% cross-sectional area following 
findings ranging between 23%-43% for age-matched pigs [18]) and the annulus fibrosus. 
The growth plate was represented by 3 zones as previously explored [11]: the stress 
sensitive zone, the newly formed bone zone (NFB) where ossification occurred, and a 
transition zone joining the soft growth plate and the underlying cortical and cancellous 
bone.  Zonal height ratios were adopted [19] with overall height obtained from in-house 
histomorphometric measurements of un-instrumented pig growth plates. A 2mm layer of 
subchondral bone, specific to pigs, was also modeled between the growth plate and the 
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IVD. The initial configuration reflected a normal spine with no apparent deformity. Thus, 
the coronal profile was straight with 30° kyphosis and 8° lordosis in the sagittal plane [5].  
Vertebral body cortical [20] and cancellous bone [18] mechanical properties were obtained 
from the literature. Otherwise, the nucleus pulposus, annulus fibrosus, and the seven 
major spinal ligaments properties were calibrated using published ranges of motion and 
spinal flexibility testing [21]. The subchondral bone layer was assigned cancellous bone 
properties following structural similarities observed from μ-CT scans and the lack of 
documented data. The ribs, sternum, costal cartilage, intercostal ligaments and posterior 
bony structures were assigned similar properties as human FEM [13] with the ribcage 
shape reflecting a porcine anatomy. Table 4-1 summarizes all linear elastic mechanical 
properties. 
A follower-type load, representing force vectors tangential to the spinal curvature, 
approximated the stabilizing action of muscle forces [22] with cumulative magnitude 
accounting for 60% body weight. In quadrupeds, the major spinal loads are directed axially 
[23] counteracting the ventrally directed gravitational pull, further demonstrated by similar 
trabecular orientation between human and pig vertebral bodies. The model was 
immobilized at L5 while blocking T1 from translating in the transverse direction, emulating 
a forward gazing animal. 
Growth was simulated via a previously validated iterative process (Figure 4-2) [12] relating 
axial vertebral growth rate to the variation between the actual (σ) and normal physiological 
stresses (σm). Briefly, the iterative algorithm was initiated with spinal loading from which 
an emulated growth response was computed as a function of growth plate sensitive zone 
stresses (σ) followed by model geometry update where relevant clinical indices were 
calculated at each iterative step (Figure 4-2). This growth correlation was formulated 
following in-vivo trials suggesting its interspecies transfer with specific sensitivity factor (β) 
adjustments (range 0.4-2.4 MPa-1) [1]. To calibrate the growth parameter (β), scoliosis 
induction was simulated to match Schwab’s induction data [24] for the first 6 weeks of 
growth. Baseline growth rate (Gm) and β were then adjusted to 0.154 (age: 12-20 weeks) 
and 0.14 mm/week/GP (beyond 20 weeks) (GP: Growth Plate), and 0.6 MPa-1, 
respectively, matching pigs’ natural accelerated growth aged between 3-5 months and 
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reduced beyond 5 months [6, 8]. In-house normal growth rate measurements indicated a 
20 µm/day/GP (i.e. 0.14 mm/day/GP), in-line with reported porcine thoracic growth gain 
of 0.4 cm/vertebra (age: 12-22 weeks) and 0.5 cm/vertebra (age: 22-42 weeks) [8] and 
the Gm integrated in our model. 
The growth behavior was validated using multiple approaches. First, scoliosis induction 
via the well-established Porcine Scoliosis Model (PSM) [24] was simulated. In brief, a 
posterior spinal tether (8-10 levels) and 5-level ribs tethering initiated an immediate and 
long-term deformity response. Cobb angle (intra-op and temporal) and vertebral wedging 
were evaluated after 10 weeks of growth. Then, additional 20-week correction via a 
contralateral anterior tether (PSM deformity correction) was simulated [8]. Independently, 
two compression-based fusionless devices were also simulated. First, a localized 
epiphyseal staple, namely hemi-staple, was modelled between T5-T8 vertebrae and 
consisted of a flat prong inserted between the growth plate and the IVD with the device’s 
body fixed to the vertebral wall [7, 13]. Second, Wall’s et al. [25] rigid staple, which spans 
the intervertebral space, was simulated between T6-T12. Growth modulation was 
simulated over the reported study periods (3 & 2 months, respectively). Constrained Cobb 
angle (instrumented levels), vertebral wedging, and vertebral left-right height differences 
(VHD) outlined the compared indices, when available. Modeling and analyses were 
performed using ANSYS v15 (Ansys Inc., Canonsburg, PA, USA).  
4.2.3 Results 
Figures 4-3a and 4-3b show the progression of the induced deformity for the PSM and 
correction via the anterior tether. Global and local coronal indices are illustrated. 
Simulated immediate coronal curve was 23.2° after tether settlement and progressed to 
48.4° following 10 weeks growth simulations with 7.6° apical vertebral wedging. Simulated 
immediate post-operative Cobb was corrected to 35.9° and reduced to 21.4° after 20 
weeks growth with 5.4° apical vertebral wedging. Simulated axial rotation progressed to 
15.6° and was corrected to 7.4°, as expected from the corrective tether design [8]. 
Concave/convex vertebral height difference was 3.1mm and was corrected to 2.3mm.  
The growth modulating effect of the additionally simulated fusionless devices was 
evidenced by the presence of local vertebral wedging and global coronal deformity. The 
104 
 
final Cobb angle and vertebral wedging are illustrated in (Figure 4-4) for both implants. 
Apical vertebral wedging was 3.7° and 2.0° for the simulated implants, respectively. 
Constrained Cobb angle was 11.2° and 11.8°, respectively at simulation end. 
Concave/convex height differences at the apical vertebra were 1.4mm and 0.8mm for the 
hemi-staple and rigid staple. Vertebral height was lowest at the instrumentation side for 
all instrumented levels demonstrating computed growth restraint at these sites. Contrarily, 
the sagittal profile remained unchanged over the simulated period with no apparent 
sagittal vertebral wedging. 
4.2.4 Discussion 
A porcine spine FEM was developed and verified as a platform for the assessment of the 
initial and long-term effects of spinal fusionless implants. Scoliosis induction via a 
posterior and 5-level rib tethering was simulated as well as the growth modulating effect 
of two compression-based implants with evidenced global and local deformities. 
The model reproduced the scoliosis inducing procedure reported by Schwab et al. [24]. 
The intraoperative spinal manipulations and posterior and rib tether insertion were 
simulated with immediate Cobb angle (23.5°), which was within reported post-operative 
angles (24.5°±7.4°). Over 30 weeks of growth, the model was capable of reproducing the 
Cobb angle to within less than 0.6° (induced: 48.4° vs 49°, corrected: 21.4° vs 21°) and 
vertebral wedging to less than 1.9° (induced: 7.6° vs 7.6°, corrected: 5.4° vs 7.3°), similarly 
for vertebral height differences (induced: 3.1mm vs 3.2±3.5mm, corrected: 2.3mm vs. 
4.4±1.8mm). The apical vertebral rotation corroborated between simulated and 
experimental values (induced: 15.6° vs 17.2°, corrected: 7.4° vs 10.3°, with the latter 
approximated from reported data [8]). The simulated apical vertebral wedging was within 
the reported experimental variability (±3.2°); however, VBH was lower. These differences 
may be explained by the placement of the simulated custom anterior tether. The latter is 
a specific interconnecting ligament setup aiming at correcting rotational deformity [8]. The 
authors provide no indication as to the exact in-vivo placement of the implant, which can 
vary between animals; thus differences with the simulated values can be deemed 
admissible. The reproduced sagittal profile was within the published range; however, the 
large experimental variability (5°-36°) during experimental positioning of the animals and 
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tether intra-operative tensioning limits a direct comparison. The simulations suggest the 
model can reproduce scoliosis induction techniques while acknowledging sagittal profile 
limits due to non-standardized animal manipulations during the X-ray acquisitions. 
Likewise, the deformed model can be used to assess the corrective potential of 
compression-based fusionless devices extrapolated for future treatment of scoliosis in the 
growing spine. 
The model overestimated coronal deformity for the hemi-staple (11.2° vs. 6.5°±3.5°, 
range: 3-12°), and underestimated the rigid staple’s deformity (11.8° vs 16.4°±5.4°). The 
sagittal profile showed no variation with respect to its normal counterpart as expected from 
the lateral placement of the simulated implants, restricting their effect to the coronal plane. 
Simulated apical vertebral wedging and concave/convex height difference corroborated 
with reported values (hemi-staple: 3.7° vs. 4.1°±3.6° and 1.4mm vs 1.2±1.4mm, rigid 
staple: 2° vs. 2°±0.46° [26]). Driscoll et al. [7] presented a greater cumulative hemi-staple 
vertebral wedging than constrained coronal Cobb angle evidence of reversed IVD wedge 
(opposite to vertebrae). Induced scoliosis may act differently, disrupting normal growth 
and resulting in reversed IVD wedging as an in-vivo compensatory mechanism in 
quadrupeds tending to maintain a forward looking gaze (a phenomenon further reported 
in curve induction experiments [27]). The developed model is unable to predict such a 
physiological response, which can explain discrepancies in the coronal instrumented 
Cobb (hemi-staple). The model also assumes ideal antero-lateral implant placement with 
prongs located adjacent to the intervertebral disc, which was not consistently reproduced 
experimentally [7]. Yet, differences in constrained Cobb angle still fall within 5° errors 
expected from measured radiograph [28]. Vertebral height measures are not available for 
the rigid staple, limiting a direct comparison. Also, the authors report discs wedged in the 
same direction as vertebrae [25] with our model showing similar IVD wedging arising from 
temporal segmental compression as a passive impact of the implant. Notwithstanding, 
vertebral wedging and height differences corroborated with reported values indicative of 
successful implementation of the growth model for a porcine spine.  
The growth parameters were calibrated within the range of normal reported physiological 
rates [7, 8]. Moreover, the stress sensitivity factor (β = 0.6 MPa-1) complied with different 
published animal species stress sensitivity factors (0.4-2.4 MPa-1) [1]. Growth parameters 
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were further verified by simulating the growth of un-instrumented pig spines over 
equivalent growth phases. The normal coronal and sagittal temporal profiles were 
reproduced, which also confirms the plausibility of the applied follower load method 
(unpublished in-house data). 
The outcomes of this computational model should be interpreted by recognizing the 
inherent limitations. The applied follower load method was chosen following several load 
application trials as the biomechanics of quadruped spines is not fully understood. To 
verify load application, normal growth plate stresses (0.8 MPa) were computed and 
corroborated with reported in-vivo intervertebral disc loads for standing pigs [30]. 
Nonetheless, localized growth plate stress profiles are not easily quantified 
experimentally, emphasizing the added potential of the model. Moreover, vertebral 
morphological data are inconsistent within published studies [5, 17] deriving from the 
multitude of swine breeds in biomechanical investigations. Morphological data were 
averaged over common porcine breeds for our model. Variations also extend to 
mechanical properties with values either taken from the literature, calibrated using custom 
algorithms, or estimated to reported human FEM. Vertebral body peripheral growth and 
neurocentral junction (NCJ) were omitted. Several investigations using human FEM [10] 
and porcine NCJ disruption [29] showed inconsistent results as to the role of the NCJ in 
spinal deformity. To the authors’ knowledge, there are no published data for peripheral 
growth. Epiphyseal growth modulation and growth patterns may hold true whether or not 
peripheral growth was accounted for as growth rate correlates with the difference between 
a deformed and otherwise normal spine. Moreover, human vertebral peripheral and NCJ 
growth is halted prior to adolescence [9] facilitating the transfer of gained knowledge to 
clinical applications. The ribcage was modeled, but its growth was omitted in our 
simulations. Pilot simulations have shown the stabilizing role of the ribcage in stiffening 
the thoracic spine. Further exploratory simulations would elucidate its role in fusionless 
surgery. Nonetheless, the FEM reproduced experimental fusionless growth modulation as 
reported in published studies within the bounds of the identified limits and further coupling 
with standardized experimental observations is required to validate the model’s behaviour 
under different implant configurations. 
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The developed model is a unique porcine spine and ribcage FEM integrating epiphyseal 
growth dynamics. The model demonstrated its potential to reproduce the growth 
restraining effect of two compression-based implants and scoliosis induction via a well-
established porcine scoliosis model. Simulations with additional implant designs would 
further improve this tool as a complementary platform to further explore and provide initial 
implant design optimization before proceeding to long surgeries and to help bridge the 
knowledge transfer to clinical applications. 
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Figure 4-1: Parametric porcine spine model featuring the vertebral bodies (T1-T15, L1-L6). a) 
Lateral and b) posterio-Anterior views c) Intervertebral disc nucleus pulposus and annulus fibrosis. 
D) L6 vertebra and growth plate zonal details. 
















Anatomical Structure Young’s Modulus Poisson’s Ratio Element Type
(MPa)
Cortical Bone 14000 0.34 Solid Hexahedron
Cancellous Bone 500 0.3 Solid Hexahedron
Subchondral Bone 500 0.3 Solid Hexahedron
Sensitive Zone 11 0.24 Solid Hexahedron
Newly Formed Bone Zone 100 0.3 Solid Hexahedron
Transition Zone 300 0.3 Solid Hexahedron
Nucleus Pulposus 1 0.499 Solid Hexahedron
Annulus Fibrosis 10 0.45 Solid Hexahedron
Spinal Ligaments 1-250 0.3 Tension-Only Springs
Pedicles 14000 0.3 Beam
Transverse, Spinous, and Articular Processes 1000-9000 0.3 Beam
Ribs 5000 0.1 Beam
Sternum 1000 0.2 Beam






Figure 4-2: Growth model algorithm. Growth plate stresses are computed after physiological load 
application. An equivalent growth is the calculated as a function of stress differential. The model’s 




Figure 4-3: Simulated intraoperative posterior and rib tether insertion deformity induction and 
anterior curve correction (a). The above models (global and apical thoracic vertebra) are at 0w, 




























Figure 4-4: Cobb angle and vertebral wedging for the hemi-staple (a) [190] and rigid staple (b) 
[181]. Comparison between simulated and experimental data showing global and local simulated 



































































































































































































































































































































































































































































































































































































































































































































































































4.3 Additional Details: Model’s Calibration and 
Verification/Validation 
The model’s growth parameter calibration, its verification and validation, and its predictive 
capabilities were performed in accordance to the ASME V&V-40 (Verification and 
Validation of computational modelling for medical devices). As such, several steps were 
undertaken to meet these requirement as outlined by (Figure 4-5). 
 
Figure 4-5: Porcine spine finite element model calibration, verification/validation, and predictive 
assessment as per ASME V&V-40 standards 
To calibrate the model’s growth parameters (β and Gm, Eq.(1), Figure 4-2), Schwab at al. 
in vivo porcine scoliosis model (PSM) was simulated. More specifically, scoliosis induction 
was simulated to match the first 6 weeks of curve creation. Briefly, a posterior spinal tether 
(8-10 levels) and 5-level ipsi-lateral ribs tethering initiated an immediate and long-term 
deformity response. Growth & growth modulation were simulated via a previously 
validated iterative process (Figure 4-2) [34] relating axial vertebral growth rate to the 
variation between the actual (σ) and normal physiological stresses (σm) (Section 4.2.2). 
This growth correlation was formulated following in-vivo trials suggesting its interspecies 
transfer with specific sensitivity factor (β) adjustments [74].  
Baseline growth rate (Gm) and β were then adjusted until the model matched reported 
experimental data for Cobb angle and vertebral wedging. As such, the calibrated baseline 























mm/week/GP (beyond 20 weeks) (GP: Growth Plate). Growth rates were chosen to 
account for accelerated and decelerated growth phases reported in pigs (Figure 1-22). 
Calibrated baseline growth rates were comparable to reported data [76] and to in-house 
growth rate measurement on normal pig spines. The stress sensitivity factor β was 
adjusted to 0.6 MPa-1 and was consistent with expected published data (range 0.4-2.4 
MPa-1) [74]. 
To validate the model’s behaviour and the adjusted growth parameters, the remainder of 
the PSM’s induction phase was simulated (up to 10 weeks). Temporal Cobb angle  and 
vertebral wedging were evaluated after 10 weeks of growth and compared to the PSM 
data. An additional validation step involved simulating 20-week correction of the PSM via 
a contralateral custom anterior tether [76]. Final simulated Cobb angle and vertebral 
wedging were then compared to reported data for validity and shown to be within 1° Cobb, 
2° vertebral wedging, and 3° axial rotation. 
Finally, the model’s predictive capability was examined by simulating two compression-
based fusionless devices via the inverse approach. First, a localized epiphyseal staple, 
namely hemi-staple, was modelled between T5-T8 vertebrae [190] (Figure 1-37). Second, 
Wall’s et al. [181] rigid staple, which spans the intervertebral space, was simulated 
between T6-T12. Growth modulation was simulated over the reported study periods (3 & 
2 months, for the hemi- and rigid staples, respectively). Constrained Cobb angle 
(instrumented levels), vertebral wedging, and vertebral left-right height differences (VHD) 
outlined the compared indices. Simulated results to within 5°, 2°, 20% Cobb angle and 
vertebral wedging confirmed the predictive capability of the developed model.  
The pFEM’s calibration, verification/validation, and predictive outcomes highlighted the 





4.4 Inverse vs 2-Step Experimental Approaches: A Numerical 
Investigation 
4.4.1 Introduction 
Although animal trials support the hypothesis that new implants are best tested in similar 
conditions as their human application, i.e. idiopathic-like in vivo animal trials, to date, both 
the inverse and the 2-step approach remain widely applied experimentally. With several 
investigators venturing to develop in vivo scoliosis models, both exploratory avenues are 
promising and have demonstrated well-established results indicating new fusionless 
implants can engender changes to both a normal and a deformed spine. Morphological 
changes in the disc and the vertebra [166], stiffening of the spine following an artificial 
surgical inducing procedure which may involve concave rib tethering or convex rib 
resection [179], [180], [195], and differential concave/convex loading due to an existing 
spinal curvature are absent in a normal spine. Thus, it has been speculated that the growth 
modulation imposed by the newly tested implants are over estimated when evaluated on 
a normal spine via the inverse approach. Yet, the 2-step approach is quite extensive and 
long as it requires two surgical interventions (induction + correction) each of which 
spanning lengthy time-frames. 
4.4.2 Methodology 
The developed porcine spine FEM was exploited to test hypothesis 3 and evaluate the 
differences between the inverse and the 2-step strategies. As such, four implants were 





Figure 4-6: Diagram showing methodology for comparative simulation between Correction 
versus induction using 4 implants simulated at the apex ± 2. The arrows indicate the location of 
the simulated implants. 
To test the proposed hypothesis, simulations were conducted using two separate models. 
The first consisted of the porcine scoliosis model (PSM) as described in the submitted 
manuscript (ref. section 4.2) and the literature review ( 
Table 1-4) while the second reflected an equivalent normal model. More specifically, the 
PSM corresponded to simulating induced idiopathic-like scoliosis in an otherwise 12 
weeks old normal spine using a unilateral posterior tether spanning from T6-T7 to L1-L2 
(8 instrumented levels) with ipsi-lateral 5-level rib tethering. Scoliosis was induced over 6 
weeks of growth to ~35° coronal deformity followed by removal of the inducing tether. 
Similarly, a 12 weeks old normal spine growth was simulated over 6 weeks to reflect an 
age-matched spine and reflected a normal equivalent spine for the inverse approach 
simulations. Following the initial 6 weeks of simulated growth, four implants were modeled 
at the apex ± 2 levels as illustrated by the black arrows in Figure 4-6. Likewise, the 
implants were modeled on the age-matched normal spine at equivalent vertebral levels 
xxii 
Tests in vivo (O4c) 
Des porcs femelles immatures (âgés de 3 mois) de race Landrace/Yorkshire ont été utilisés pour 
tester la faisabilité des implants. Tous les groupes de porcs ont été suivis pendant 12 semaines 
suivant les chirurgies. Des radiographie postéro-antérieures (en position de décubitus ventral 
avec les pattes postérieures repliées et les pattes antérieures étirées vers l'extérieur) et latérales 
(position de décubitus latéral) ont été prises immédiatement après la chirurgie, puis toutes les 
deux semaines   jusqu'à   l’euthanasie   sous   anesthésie   générale.   Après   sacrifice, les colonnes de 
porc ont été soumises à des analyses immunohistochimiques.   Cette   plateforme   d’analyse   a  
permis  l’évaluation  complète  du  dispositif  intravertébral  épiphysaire  et  l’analyse  préliminaire  du  
dispositif souple 3D (pas de groupes sham ni témoin). 
Dispositif intravertébral épiphysaire 
 
Figure 0.8: Conception du dispositif épiphysaire intravertébral 
Tous les animaux ont pu subir l'analyse post-opératoire sans complications. Les groupes de 
témoin et  de  sham  n’ont  montré aucun changement significatif dans l'alignement des vertèbres. 
Le groupe test a montré un angle de Cobb frontal final de 6.5°±3.5° et une cunéiformisation 
cumulative   allant   jusqu’à   25°   (limitée   à   4   niveaux   instrumentés).   Aucune   modification  
significative  du  profil  sagittal  n’a  eu  lieu.  Le  groupe  expérimental  a  montré  une  cunéiformisation  
des vertèbres de 4.1°±3.6° et une différence de hauteur (hauteur droite vs gauche) de 
tion. The hypothesis that a firmly fixed and structurally
sound implant could suppress vertebral growth was not
rigorously tested.
In a pilot study of 5 different spine staple designs, the
design most successful (Figure 1) in altering growth re-
sulted in a clear kyphoscoliotic curve at 8 weeks (Figure
2).10,11 Histological results showed clear changes in
growth plate structure, which further ruled out the pos-
sibility that the curve was caused solely by compression
of the intervertebral disc. The purpose of the current
study was to determine whether spinal curve creation
was reproducible with this latter staple design. A second-
ary purpose was to determine if control of the sagittal
plane of curvature was possible, i.e., to produce scoliosis
without hyperkyphosis.
Materials and Methods
Custom spine staples (Figure 1) were implanted into the
midthoracic spines of seven live, skeletally immature domestic
pigs, weighing 240 to 334N (54–75 lbs), which corresponds to
approximately 3 to 4 months of age. Puberty occurs in the
female pig at 5 to 6 months of age, whereas 5 to 18 months is
considered adolescence. Six staples per pig were implanted into
the left side of adjacent vertebrae across discs T6–T7 to T11–
T12 using thoracoscopic procedures approved by an IACUC.
Each staple spanned one intervertebral disc and two growth
plates just anterior to the rib heads. Each staple was fixed to the
vertebral bodies using two bone screws.
The animals were prepared for aseptic surgery; an endotra-
cheal tube was positioned for single lung ventilation. A right
lateral recumbent positionwas used. Three or four portals were
created using a custom trocar and rigid cannula. A guide wire
(1.1-mm k-wire, MicroAire, Charlottesville, VA) was intro-
duced through the cannula and inserted into the T6–T7 disc
under fluoroscopic and endoscopic visualization. A staple was
threaded onto a custom staple setter, and the assembly was
passed over the k-wire. The staple was placed longitudinally
alon the spine as far posterior as possible, next to the rib head.
The setter was impacted to insert the staple. The setter and
k-wire were then removed. A second k-wire (1.6 mm), marked
previously with the screw length, was drilled into each screw
hole to that length. The k-wire was removed, and a screw was
inserted into each pilot hole using a custom screwdriver. The
screwdriver gripped the screw head with a collet and hex key
assembly. The screws were tightened with a long T-handled
hex driver. The procedures were repeated for the remaining 5
staples, moving from cranial to caudal. The incisions were su-
tured and the skin closed routinely.
After surgery, the animals were maintained in individual
cages with no additional restraint for 8 weeks. They were anes-
thetized biweekly for radiographs. Anteroposterior (AP), lat-
eral, and right oblique (staple true view) radiographs were
taken immediately after surgery, at 2, 4, 6, and 8 weeks, and
again after spine harvest. The spine was distracted for the in
vivo AP radiographs by manually pulling on the front and hind
limbs. After euthanasia, the thoracic spine was removed and
the radiographs were repeated. AP radiographs were taken
twice, first with no load and then with a manually applied
moment. The moment simulated right side bending to assess
curve flexibility. Cobb angles were measured by standard
methods. Angles were measured in three views. Paired two-
tailed t tests (! ! 0.05) were used to determine whether the
initial postoperative Cobb angles were different than those
measured in vivo and postharvest at 8 weeks. As each screw
and staple was removed, its firmness of fixation was ranked as
secure, neutral, or loose.
The dimensions of the staples were based on measurements
of spines from pigs of the target initial weight range. They were
fabricated of stainless steel using rapid prototyping methods
that included digital solid modeling, stereolithography, andmi-
croinvestment casting techniques. Blade length was 25 to 30%
of vertebral width; blade cross-sectional area encompassed ap-
proximately 15% of vertebral cross-sectional area. The blades
were barbed to help prevent displacement and angled to induce
Figure 1. A, Custom spine staples were designed based on
porcine vertebral anatomy. B, Each staple spanned two longitudi-
nal growth plates (G) and the intervertebral disc (D) of adjacent
vertebral bodies (V). Porcine vertebrae, like most quadrupeds,
have bony endplates (E). Each staple was fixed using two screws.
Figure 2. Oblique view radiographs from the first trial of the
current staple design. Immediately after staple implantation (left);
8 weeks after surgery (right), demonstrating the plane of maximum
deformity.













(inverse approach). Implants were thus simulated at the right lateral aspect of the vertebral 
bodies for both models, which corresponded to the convexity of the deformed spine for 
the 2-step and concavity of the induced deformity (inverse approach). The simulated 
devices consisted of the rigid staple, hemi-staple, dual-epiphyseal staple, and anterior 
tether. These implants were chosen for their local action (hemi- and dual-epiphyseal 
staples) and those that spanning the intervertebral disc space (rigid-staple and anterior 
tether). Typically, anterior tethers are implanted via segmental tensioning between each 
vertebral level. However, given the passive growth modulating impact of the other three 
simulated implants, a fair comparison was conducted by simulating the tether snug tight 
with no initial pre-tension. Thus, the passive action of the tether was simulated and 
compared to the passive action of the remainder implants. 
Growth was then computed over an additional 10 weeks for both models. Additionally, 
curve progression over 10 weeks (or growth excluding implants) was simulated for both 
models and served as reference geometries. Thus, a total of 10 simulations were 
conducted. 
Using a previously validated iterative growth algorithm [34], [42], [90], [170], physiological 
loads were applied via the follower load method as described in Section 4.2. An empirically 
established growth modulation equation [74] was used to determine equivalent growth as 
a function of calculated growth plate stresses (ref. Section 1.3.4). The model was then 
updated to its new geometry where spinal shape indices were calculated at each iterative 
step. 
Simulations were then compared between similar implants for inducing versus correcting 
an existing deformity as relative measures of correction or induction. Furthermore, the 
corrective potential was contrasted between each tested implant to outline their inherent 
differences. Curve progression of un-instrumented spines outlined the expected 
progression without corrective or inducing interventions. Constrained Cobb angle at the 
apex ± 2 levels, apical vertebral wedging, and growth plate stresses outlined the 
comparison framework. Growth plate stress profiles were also computed at different 
regions: Anterior (A), Anterior Left (AL), Left (L), Posterior Left (PL), Posterior (P), 




Figure 4-7A illustrates the absolute correction while Figure 4-7B points to the absolute 
inducing effect of each simulated implant. Following the porcine scoliosis model, the 
induced scoliosis deformity was 32.6° calculated between the apex ± 2 levels. The final 
Cobb angle was least corrected by the hemi-staple (32.6° to 29.2°) followed by the rigid 
staple (27.9°), the anterior tether (16.0°), then the dual-epiphyseal staple (12.7°) while the 
un-instrumented curve progressed to 40.4°. Conversely, the final induced Cobb angle was 
least for the rigid staple (7.1°) followed by the hemi-staple (10.3°), the anterior tether 
(22.5°), then the dual-epiphyseal staple (23.9°) while the un-instrumented curve 






Figure 4-7: Absolute correction and induction of the simulated implants and expected curve 











































































Figure 4-8: Relative curve evolution for correction and induction. Angles are presented as delta 
change with respect to the initial deformity (Corr.) or non-instrumented spine (Ind.). 
Figure 4-8 illustrates the relative curve evolution for each implant when tested under the 
inverse and the 2-step approach. Relative angles referred to the difference in correction 
or induction angles with respect to the initial angles prior to instrumentation. Differences 
are presented in absolutes values to facilitate direct comparison between the inverse and 
2-step approaches. The dual-staple corrected the initial curve by 19.9°, followed by the 
tether (16.6°), then the rigid (4.8°) and hemi-staple (3.4°) while the un-instrumented curve 
progressed by 7.8°. The graph also demonstrated, for each implant inclusively, the 
difference between their corrective and inducing effects, with the latter consistently more 
prominent.  
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Figure 4-9: Relative apical vertebral wedging evolution for correction and induction. 
Relative apical vertebral wedging is presented in Figure 4-9 for the induction and 
correction simulations, similarly to relative Cobb angles presented in Figure 4-8. The 
extent of induced apical vertebral wedging was consistently greater than corrected 
wedging for each simulated implant. In decreasing order, growth modulation was more 
prominent for the tether, the dual-staple, the hemi-staple, then the rigid staple. 
Figure 4-10 illustrates the growth plate stresses at the apical vertebra for curve induction 
(left) and correction (right) simulations. All tested implants are presented as well as 
equivalent stresses from the un-instrumented spines. For induction simulations, growth 
plate convex stresses (opposite to instrumentation site) remained comparable to normal 
spinal stresses with minor differences. On the concave (instrumented region), growth 
plate stresses were shielded for all implants except the anterior tether with noticeable 
increase in compressive stress. For the correction simulations, growth plate stresses were 
shifted towards the concavity of the curvature opposite to instrumentation site. Stresses 
were similarly shielded at the instrumentation site except for the tether. The latter shifted 
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the stresses towards to convexity of the deformity as to slowly regain normal growth plate 
stresses.   
 
Figure 4-10: Apical growth plate stresses for the induction (left) and correction (right) for tested 
implants, viewed from the top. Implants are positioned on the right lateral aspect of the vertebral 
body. 
Discussions and conclusions drawn from this investigational study are presented in the 


















































CHAPTER 5 BIOMECHANICAL STUDY OF THE ROLE OF RIBCAGE 
5.1 Introduction 
The ribcage contributes to the overall stability of the thoracic spine as previously explored 
in the “Literature Review” Section 1.2.2. By removing the ribcage, the stiffness of the 
thoracic spinal region reduced in flexion, extension, lateral bending, and axial rotation. 
Several investigators have developed scoliosis animal models via different inducing 
techniques combined with ribcage manipulations to increase the moment on the spine 
[173], [177] (Table 1-3). Numerical simulations confirmed the biomechanical contribution 
of the ribcage in successful brace treatment simulations. Furthermore, finite element 
simulations have indicated the important role of the ribcage in curve progression [220] or 
as possible scoliosis corrective approach via surgical resectioning [221]. Yet, the 
biomechanical contribution of the ribcage to the corrective outcomes of unassuming 
fusionless devices has not been documented. An investigational study was conducted 
using the developed pFEM for the realization of objective 3.ii and exploring hypothesis 4. 
5.2 Methodology 
The developed porcine spine finite element model (Section 4.2) was used to conduct an 
investigational analysis to assess the importance of accounting for the biomechanical 
impact of the ribcage in fusionless instrumentation simulations targeted for the correction 
of spinal deformities. The methodology employed is illustrated in Figure 5-1. Two 
fusionless implants, namely a Hemi-Staple and an Anterior Tether, were tested under the 
inverse and the 2-step approaches by including or excluding the ribcage over the 
simulated period. The implants were chosen to account for localized device designs and 





Figure 5-1: Illustration of the methodological approach used to assess the biomechanical 
contributive effect of the ribcage in fusionless surgery. The arrows indicate the location of the 
simulated implants. 
The procedure consisted of modeling the two types of implants at the apex ± 2 levels on 
a deformed spine (2-step approach) and equivalent levels on a normal spine (inverse 
approach). Implants were thus simulated at the right lateral aspect of the vertebral bodies 
for each model, which corresponded to the convexity of the deformed spine for the 2-step. 
The inverse approach was also chosen to investigate the ribcage’s stabilizer role under 
external implant action on a straight spine. Similar simulations were also conducted on 
equivalent spines by excluding the ribcage. Thus, 8 simulations were performed over 10 
weeks of growth and growth modulation. Additionally, equivalent growth was simulated 
for un-instrumented deformed and matched normal spines cumulating to 12 overall 
simulations. Clinically, anterior tethers are inserted via segmental tensioning between 
each vertebral level. However, to conduct a fair comparison with the hemi-staple (passive 
action), the tether was simulated snug tight with no initial pre-tension. Thus, only its 
xxii 
Tests in vivo (O4c) 
Des porcs femelles immatures (âgés de 3 mois) de race Landrace/Yorkshire ont été utilisés pour 
tester la faisabilité des implants. Tous les groupes de porcs ont été suivis pendant 12 semaines 
suivant les chirurgies. Des radiographie postéro-antérieures (en position de décubitus ventral 
avec les pattes postérieures repliées et les pattes antérieures étirées vers l'extérieur) et latérales 
(position de décubitus latéral) ont été prises immédiatement après la chirurgie, puis toutes les 
deux semaines   jusqu'à   l’euthanasie   sous   anesthésie   générale.   Après   sacrifice, les colonnes de 
porc ont été soumises à des analyses immunohistochimiques.   Cette   plateforme   d’analyse   a  
permis  l’évaluation  complète  du  dispositif  intravertébral  épiphysaire  et  l’analyse  préliminaire  du  
dispositif souple 3D (pas de groupes sham ni témoin). 
Dispositif intravertébral épiphysaire 
 
Figure 0.8: Conception du dispositif épiphysaire intravertébral 
Tous les animaux ont pu subir l'analyse post-opératoire sans complications. Les groupes de 
témoin et  de  sham  n’ont  montré aucun changement significatif dans l'alignement des vertèbres. 
Le groupe test a montré un angle de Cobb frontal final de 6.5°±3.5° et une cunéiformisation 
cumulative   allant   jusqu’à   25°   (limitée   à   4   niveaux   instrumentés).   Aucune   modification  
significative  du  profil  sagittal  n’a  eu  lieu.  Le  groupe  expérimental  a  montré  une  cunéiformisation  
















passive action was considered. Although not representative of expected intra-operative 
applications of spinal anterior tethering, the chosen modeling procedure was assumed to 
be sufficient for a comparative investigation. 
Each simulation was initiated by modeling the implants at the selected levels. Using the 
iterative process presented in Sections 4.2 and 4.3, physiological loads were applied via 
the follower load method from which growth plate stresses were evaluated and an 
equivalent growth modulation was calculated. The model was then updated to its new 
geometry to calculate important spinal indices at each iterative step.  
Final apical vertebral growth plate stresses, apical vertebral wedging, and Cobb angle 
measured on the instrumented segment outlined the compared indices. Growth plate 
stress profiles were determined at different regions as explored in Section 4.4.2 and 
Figure 4-10. Comparisons were performed between models including and lacking the 
ribcage for both the inverse and 2-step approaches separately to highlight differences, if 
any, and justify accounting for the ribcage’s contribution in future fusionless implant 
designs and simulations and explain its biomechanical impact.  
5.3 Results 
Figure 5-2 depicts a graphical representation of the regional growth plate stress profiles 
at the apical vertebra for the induced deformity simulations. Stress profiles for each tested 
implants are presented for models including and excluding the ribcage. Normal growth 
stress profiles are similarly presented. Stress profiles were quasi-equivalent for normal 
spinal loading with or without the ribcage; however, the profile was shifted slightly 
anteriorly in the latter case. Stresses at the instrumentation side (R) showed signs of 
stress shielding for the hemi-staple and were consistently lower than the un-instrumented 
side (L). Differences lie on the un-instrumented side when the ribcage was included with 
stresses higher with its inclusion. Similar trends were observed on the un-instrumented 
side for the anterior tether. Contrarily, stresses at the instrumentation side were increased 
relative to normal spinal loading reaching values up to 0.82 MPa antero-laterally with the 




Figure 5-2: Growth plate stress distributions at the apical vertebra for the induced deformity, 
viewed from the top. Solid lines correspond to model including the ribcage. A, L, R, and P refer 
to Anterior, Left, Right, and Posterior respectively. Implants are positioned on the right lateral 
aspect of the vertebral body. 
Figure 5-3 illustrates the regional growth plate stresses for deformity correction 
simulations. Curve progression (un-instrumented spine) stress profiles are shifted towards 
the concavity of the curvature following omission of the ribcage reaching 0.88 MPa 





























Figure 5-3: Growth plate stress distributions at the apical vertebra for deformity correction, 
viewed from the top. Solid lines correspond to model including the ribcage. A, L, R, and P refer 
to Anterior, Left, Right, and Posterior respectively. Implants are positioned on the right lateral 
aspect of the vertebral body. 
Progressive Cobb angles are presented in Figure 5-4 for curve induction (left) and 
correction (right) simulations. Removal of the ribcage resulted in nearly doubling the 
induced curve for both the hemi-staple and anterior tether. However, normal growth was 
not affected by the ribcage presence with no apparent coronal deformity.  
No differences were observed in the corrective potential of the hemi-staple with exclusion 
of the thorax. However, a higher correction was observed for the tether for simulations 
lacking the ribcage (final curves: -1° vs -14°). In a similar manner, the curve progressed 
beyond -48° vs -40° with the thorax.  
The tendencies were also echoed for apical vertebral wedging for both the induction and 
correction simulations for each implant, respectively. Vertebral wedging was corrected (or 
induced) with a difference of ~2°. Removal of the ribcage resulted in a higher local growth 
modulation. Additionally, removal of the ribcage resulted in an overcorrection of apical 




























Figure 5-4: Cobb angle progression for the induced (left) and corrected (right) deformities. Solid 
lines correspond to model including the ribcage. Negative values indicate a right convex curve. 
 
Figure 5-5: Apical vertebral wedging progression for the induced (left) and corrected (right) 
deformities. Solid lines correspond to model including the ribcage. Negative values indicate 
wedged vertebrae with shorter vertebral body height to the left. 
Discussions and conclusions drawn from this investigational study are presented in the 
general discussion (Section Chapter 6) and conclusion (Chapter 7) of the current 
manuscript. 
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CHAPTER 6 GENERAL DISCUSSION 
In vivo animal trials have been explored to extensively assess emerging fusionless 
devices focused towards alternative treatment strategies to conventional surgical 
interventions with implant predominantly bridging the intervertebral disc space. New 
implants are typically tested via the inverse or 2-step approaches; however, a detailed 
review of current investigations highlighted the temporal and investment challenges linked 
to these time-consuming trials. To tackle these limitations, a porcine spine finite element 
model, including the ribcage, and dual-epiphyseal implant were developed. Current 
investigations predominantly test fusionless devices experimentally, with prior challenges 
previously re-iterated. The pFEM was distinctively developed as a novel approach that 
was never tested nor attempted prior to this thesis work. The model was shown to 
reproduce equivalent experimental data and allowed exploiting this tool to further test 
differences between the inverse and 2-step experimental approaches and identify the 
biomechanical contribution of the ribcage in fusionless experimental surgery. Moreover, 
the improved dual-epiphyseal staple’s feasibility was originally tested using the pFEM and 
included a custom, state-of-the-art, expansion mechanism offering dimensional height 
adjustment intra-operatively to accommodate diverse vertebral morphologies. 
The developed pFEM reproduced a progressive scoliosis model and its correction as well 
as the inducing effect of two fusionless implants (inverse approach), albeit not replicated 
reversed disc wedging for the latter. Simulated results were less than 1° Cobb, 2° vertebral 
wedging, and 3° axial rotation for progressive scoliosis and its correction and 5° Cobb, 2° 
wedge, and 3° rotation for the two tested implants.  Progressive scoliosis model and 
correction simulations served as initial model verification and confirmation of applied 
boundary conditions and spinal loading. Speculations behind a larger induced Cobb angle 
for the simulated implants arose from an in vivo phenomenon addressed as reversed disc 
wedging where discs wedged opposite to the vertebrae for the hemi-staple. We believe 
these animals exhibit a physiological compensatory response tending to maintain a 
forwards looking gaze and counteracting an induced deformity in an otherwise normal 
spine. Perhaps including an intermediate simulation step may replicate this behaviour by 
applying moments on un-instrumented vertebrae. Thus, the model was able to reproduce 
progressive scoliosis creation via a renowned porcine scoliosis model, its correction via a 
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custom anterior tether, and the curve inducing effect of two fusionless implants within 
curve and vertebral wedging thresholds conforming and, therefore, confirming hypothesis 
1. 
Although a specific porcine experimental scoliosis model and fusionless implants were 
explored for our pFEM verification/validation, a more robust and complete confirmation of 
its predictive capability would include the simulation of current experimental approaches 
such as a posterior segmental pedicular tethering [196], anterior shape memory allow 
staples [73], and Odent’s porcine scoliosis model via posterior offset tethering [222]. Such 
complementary simulations would further shape the model’s verification and validation as 
per ASME’s V&V-40 recommendations for computation modelling of medical devices.  
Reproducing the aforementioned experimental outcomes would further demonstrate the 
complementary status of our developed model to current experimental surgeries and 
perhaps reducing the required surgical interventions for final pre-clinical in vivo device 
testing. 
The developed porcine finite element model was parameterized to facilitate 
personalization for future development. More specifically, a review of current experimental 
trials on porcine spines typically report averaged measurements of spinal indices (Cobb, 
wedging, amongst other). Our simulations were compared to average data without 
accounting for individual measures due to scarcity. Ideally, personalizing the model’s 
morphological parameters and comparing curve progression to individual experimental 
cases would further demonstrate the ability of case-by-case simulations. As it stands, the 
pFEM simulates expected averaged measurements and could be used to test for different 
implant designs, their overall growth restraining effects, and provide a prospective 
perception of expected outcomes.  
A verified model set the framework for two investigational studies as part of this thesis 
work. The first consisted of assessing differences between the inverse and 2-step 
approaches commonly used in experimental fusionless surgery. The second involved 
evaluating the biomechanical contribution of the ribcage and its role in fusionless surgery. 
Differences between the inverse and 2-step approaches were evident in our 
investigational simulations. Each simulated implant consistently revealed a lesser 
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potential in correcting a deformity versus inducing a spinal curvature. Under the inverse 
approach, the implant retarded normal growth ipsi-lateral to their insertion site (Hueter-
Volkmann law). Thus, the vertebral body wedged accordingly resulting in a global spinal 
deformity with the curvature’s concavity presenting itself on the implant’s side. The 
comparative simulations showed that, for the inverse approach, an increased growth plate 
stress on the concave side (ipsi-lateral to implantation site) and reduced stresses 
contralateral were by-products of the created curve with increasing concave stresses 
rather aiding at inducing the deformity via the Hueter-Volkmann principle (Figure 4-10). 
Conversely, under the 2-step approach, the implants were modeled on the convex portion 
of the curvature aiming at realigning the spine. The tested implants acted against the 
excessive concave (contralateral) stresses [38], explaining the differences between both 
approaches. Similar patterns were observed for the apical vertebral wedging with induced 
wedging consistently higher with the tested implant when compared to its corrective 
capacity. Arguably, the 2-step approach represented, more realistically, the intended 
clinical application of the implants as patients with scoliosis typically present excessive 
concave stresses. Thus, this comparative investigation revealed important differences 
between most commonly conducted experimental fusionless implant testing approaches 
with results suggesting the 2-step approach is best suited for fusionless implant 
evaluation. However, one must consider cost and time limitations involved in each 
selected approach as the latter requires an initial curve creation step via established 
animal scoliosis model induction techniques while ensuring sufficient remaining growth for 
fusionless implant correction.  As stated in the literature review (Section 1.3.3), pig growth 
rate varies with age with an accelerated growth between 3-6 months of age and reduced 
afterwards. Such behaviour was included in our model, however, growth rate was 
assigned two constant values corresponding to the accelerated and decelerated phase, 
respectively. Future refinement may comprise of recording weekly growth rates and 
including the latter in the developed model. Nevertheless, the model offered an alternative 
testing platform for an investigation which would have otherwise required several months 
and animal subjects. However, by highlighting the main objectives of conducted 
investigations, results should be carefully interpreted before proceeding to clinical trials. 
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Although the performed simulations were intended to compare the inverse and the 2-step 
approaches, results can also be interpreted to evaluate disparities between each implant. 
Interestingly, simulations showed that the tether and dual-epiphyseal staple were 
equivalently successful at correcting the global aspect of the deformity with the tether 
correcting apical vertebral wedging to a higher extent. Wedging discrepancy was minimal 
(~2°) and would probably not have been detected in in vivo radiographic imaging as the 
difference is below the 4° radiographic vertebral wedging errors [224]. A speculative 
source of such difference in Cobb angle may arise from the method by which these two 
implants modulated growth. The dual-staple acted on both the proximal and distal growth 
plates simultaneously without bridging the intervertebral gap for maintained mobility. 
Thus, growth was restricted just below the prongs while the remainder of the epiphyseal 
plate’s growth is maintained. Conversely, the anterior tether connected adjacent vertebrae 
using special bone-anchor screws leaving two un-impacted growth plates (the superior 
and inferior GP of the first and last instrumented vertebrae, respectively) (Figure 4-6). As 
the spine grew, the tether restricted growth by transferring loads via the intervertebral disc, 
which were shown to be distributed differently over the growth plate when compared to 
the dual-staple (Figure 4-10). Globally, differences arose from non-modulated growth at 
un-instrumented extremities and such behaviour was also noted in pig spines subjected 
to anterior tethering [184].  
The hemi and rigid staples affected deformity induction and correction comparably. The 
hemi-staple modulated one growth plate exclusively without spanning the intervertebral 
space, allowing for functional intervertebral motion. Conversely, the rigid staple bridged 
the intervertebral disc segment while being rigidly fixed between adjacent vertebrae, 
compressing the disc as the spine grows [71]. Similarly to the anterior tether, the superior 
and inferior growth plates of the first and last instrumented vertebrae, respectively, are 
un-affected by rigid staple instrumentation. Although both staples were consistent in 
creating a deformity on a normal spine, they merely constrained its progression on a 
deformed spine. Perhaps the stiff nature of the rigid staple reduced inter-segmental 
motion necessary for spinal realignment. Conversely, the hemi-staple merely contributed 
at modulating vertebral growth proximally without crossing the disc, and thus, the excess 
concave stresses (2-step approach) contributed to different distal growth plate 
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modulation, opposing the added correction imposed by the implant. In the inverse 
approach, this excess stress contributed to the progression of the induced deformity. The 
simulated corrective potential of the hemi-staple was inline with previous simulation on a 
human spine model showing prevention of deformity progression with limited correction 
[170]. 
The simulated tether correction was comparable to reported experimental spinal 
correction [194]; however, dual-epiphyseal, hemi- and rigid staple correction outcomes 
cannot be corroborated with experimental data given the lack thereof. Moreover, the 
inserted tether was not tensioned intra-operatively in the simulations. As the explored 
implants mainly acted passively, inserting an un-tensioned tether would produce a fair 
comparison. Inclusion of the tether intra-operative tensioning would, logically, show an 
improved correction simulation compared to the current value. However, Newton et al. 
[185] concluded that intra-operative tensioning did not alter long-term curve induction on 
an in vivo porcine model. Yet, strikingly, the dual-staple matched the global Cobb angle 
without spanning the vertebral space. 
As previously discussed, reversed disc wedging, a common phenomenon for implants 
tested under the inverse approach [184], [190], was not accounted for in our simulations. 
The tested implants do not generate enough moment arm to overcome this physiological 
compensatory mechanism, which cannot be simulated with our current model. However, 
expecting such occurrence would even favor the 2-step approach as the discs are already 
wedged in the same direction as vertebrae in a deformed spine. Thus, the implant would 
mainly correct vertebral wedging while the discs are expected to wedge back to their 
normal angles once the spine realigns over time. 
Thus, our simulations allowed realization of objective 3.ii and exploring hypothesis 3 and 
further demonstrated the model can be exploited to test different implant designs and 
verify whether fusionless implants should be tested using the inverse or the 2-step 
approach. Nonetheless, parallel in vivo trials for implants lacking available experimental 
data would further confirm if our correction simulations conform to expected outcomes. 
Further exploratory simulations involving specific design modification of a pre-selected 
implant, e.g. dual-staple, involving testing whether different materials, prong designs, or 
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insertion pre-stress would impact the overall performance of the implant. Doing so would 
confirm the ultimate intention behind developing our porcine finite element model as a 
fusionless implant design and optimization tool, minimizing the time and steps involved in 
experimental device testing. 
In parallel, the model was explored to identify the biomechanical contribution of the 
ribcage in fusionless surgery. The simulations showed that, by omitting the ribcage, 
implant inducing and correcting effects were exaggerated mainly due to differences in 
stress distribution over the growth plate. More specifically, for the inverse approach, the 
loading profile was shifted towards the concavity of the deformity, reducing compression 
in the convexity and, thus, accelerating growth modulation in the latter and resulting in a 
greater deformity globally. The inverse approach results were comparable to published in 
vivo data for the hemi-staple [190] and anterior tether [184] with inclusion of the 
biomechanical contribution of the thorax. Although tether and hemi-staple animal trials 
were performed using 4 instrumented levels, 5 levels would arguably not reach coronal 
deformities as elevated as the ones computed by excluding the ribcage. Thus, the thorax 
contributed to the overall biomechanics of deformity creation and its inclusion in 
computational models produces results corroborating with experimental trials. The ribcage 
stabilizes the thoracic spine, increasing its stiffness in all anatomical rotational planes due 
to its functional role. The ribs articulate at the costo-vertebral and costo-transverse joints 
blocking excess movement and shielding the spine, especially in lateral bending which 
represents the closest mechanical behaviour in fusionless coronal deformities. 
Additionally, several reports have indicated rib fusion in scoliosis model creation 
presumably linked to rib manipulation intra-operatively or excessive deformation [173], 
[225]. The latter stiffens the instrumented region, hindering the correction potential of 
tested implants [195]. Fusionless devices acting on the vertebral bodies would require 
generating a large moment arm to successfully create a substantial deformity or correct 
an otherwise existing one. By excluding the thorax’s functional influence, these tested 
implants are readily capable of inducing larger deformities to extents less likely to occur 
in vivo, thus corroborated by changes over the growth plate stresses as the spine 
becomes more flexible, bending it to a larger extent at the apex of the curvature. In turns, 
growth modulation is more apparent as observed by differences in apical vertebral 
136 
 
wedging (Figure 5-5), and thus, increasing the extent of created deformity. Notably, the 
ribcage was involved in the biomechanics of the thoracic spine, highlighting the 
importance of accounting for such a contribution. 
Omission of the ribcage changed the biomechanics in the thoracic region. Current human 
spine numerical models simulating spinal growth and growth modulation exclude the 
ribcage [34], [126], [127]. Despite its omission, these models successfully reproduced un-
instrumented curve progression patterns. In our porcine model, growth parameters and 
applied boundary conditions were equivalent between both investigated models. Perhaps 
modifications to the stress sensitivity factor and applied boundary conditions to account 
for the biomechanical influence of the ribcage may reproduce in vivo results following its 
omission. Nonetheless, this assumption was not tested and its future consideration may 
provide conclusive affirmation. 
The reached growth plate stresses were higher on the concave portion of the deformity. 
Currently, investigations reporting measured porcine growth plate stresses are scarce 
restricting comparisons of the stress differences. Concave growth plate compressive 
stresses reaching 0.7 - 1.3MPa were found for adolescents with idiopathic scoliosis [38]. 
Unlike adolescents’ body weight ranging from 30-40 Kg, pigs typically reach weights of 
70-80 Kg. Along with smaller endplate cross-sectional areas [24], 0.8 MPa concave 
growth plate compressive stresses are arguably expected. In our simulations, body weight 
varied temporally to account for the increasing size of these animals unlike adolescents 
which typically show relatively constant weights. Nonetheless, a shift of more than 0.1 
MPa was measured following omission of the thorax. Peripheral vertebral growth was also 
omitted. Perhaps considering this scarcely documented phenomenon would alter 
calculated growth plate stress distribution. However, given the comparative nature of this 
study, stress changes would remain relative between simulations and would not alter 
drawn conclusions.  
Although the investigation was conducted on a porcine spinal anatomy, perhaps re-
iteration of these simulations on a human adolescent spinal geometry model proposed by 
[42], [170] would elucidate whether such biomechanical contribution was animal specific. 
Porcine growth is accelerated, in shorter period of time, compared to humans, which may 
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sometime results in a “Xyphose” (hyper-kyphosis) phenomenon common in pigs. Perhaps 
this fast growth rate may, following spinal manipulation, alter the behaviour of the ribcage. 
Otherwise, perhaps modifying specific mechanical properties, such as discs or ligaments 
or both in the thoracic region, may account for the added rigidity from the ribcage for 
simulations lacking the latter. Similarly, additional degrees of freedom may also account 
for the added rigidity. 
Nonetheless, this investigational study highlighted the important biomechanical 
contribution of the ribcage in fusionless surgery. The experimental and clinical implications 
forging from this investigational study lie within new implants involving ribcage 
manipulations. Thus, future implants, more specifically local implants incapable of 
producing enough immediate forces to counteract the added mechanical resistance of the 
ribcage, should be designed cautiously. Equivalently, experimental surgical interventions 
involving ribcage manipulations should account for these biomechanical limitations. 
Future simulations should account for the functional biomechanical contribution of the 
thorax when testing novel implants or scoliosis animal models involving ribcage surgical 
manipulations. Finally, this comparative study affirmed hypothesis 4 of this thesis work. 
A promising research avenue would involve establishing a correlation between the porcine 
and human FEMs. The main objective of the pFEM was to assess and optimize implant 
designs prior to final experimental testing. The numerical nature of the developed model 
may be exploited to determine patterns of behaviour from these implants and their 
expected applications clinically. Notably, both the human and porcine FEMs may be 
exploited in conjunction to achieve final implant design. By understanding physiological 
differences between pigs and humans, knowledge transfer can be accelerated by devising 
specific correlations and expected implant design modifications. 
The comparative investigations were conducted under various assumptions and 
limitations. Mechanical properties, more specifically the intervertebral disc and vertebral 
body, were assumed similar between the tested normal and deformed porcine spine finite 
element model. In a deformed spine, the intervertebral disc presents degenerative signs 
on the concave side of the curvature [226]. Using a finite element model of a right thoracic 
scoliotic spine, Driscoll et al. tested the effect of stiffer concave mechanical properties for 
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the disc and vertebral body and demonstrated a 37% increase in growth plate 
asymmetrical stresses and 5.9° Cobb angle difference when compared to a non-biased 
spine. Including such biases in our deformed model would, in fact, increase compressive 
concave stresses and reduce the simulated corrective effect of the tested implants. 
Although not tested, theoretically, outcomes of such simulation would further justify the 
need to test implants on a deformed spine as it more closely mimics the expected 
behaviour clinically. Moreover, the ribcage growth was omitted in our simulations. 
However, given the comparative nature of the inverse vs 2-step investigation, it was 
assumed that ribcage growth omission would not mitigate drawn conclusions, but rather 
omission of its mechanical contribution would, as explored in Chapter 5. The growth of 
the porcine thorax is not well documented in the literature, even so, its importance in 
experimental fusionless implant trials. Inclusion of the ribcage growth may provide a more 
realistic comparison but the overall biomechanical influence of the ribcage would, 
hypothetically, remain the same. Perhaps a well-documented porcine adaptive ribcage 
growth and its inclusion in the finite element model may provide more insights whether 
presented differences are corroborated for the assessed biomechanical thorax 
contribution. Moreover, the mechanical properties of the thorax were appropriated to 
human equivalents as no published data was available. The porcine thorax is relatively 
stiffer than its human equivalent, thus, it is expected that appropriate mechanical 
properties would further demonstrate even more substantial differences as the thoracic 
spine becomes stiffer leading to an even greater growth plate stress difference between 
both models. 
A parallel stage of this thesis work was the development of a new dual-epiphyseal device 
for the treatment of progressive spinal deformities. The initial conceptual design of the 
proposed dual-staple was inspired by a previous implant, namely hemi-staple, whose 
purpose was to avoid spanning and compressing the intervertebral disc space to reduce 
risks of disc degeneration [227]. The hemi-staple was previously shown to preserve disc 
health whilst the prong is adequately positioned between the epiphyseal plate and the 
intervertebral disc [191]. As the hemi-staple’s action is limited to one growth plate, the 
dual-epiphyseal implant’s main purpose was to harness the growth of the superior and 
inferior epiphyseal plates simultaneously. The initial design was evaluated using a human 
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[170] and the porcine FEMs with results indicating the added advantage over the hemi-
staple. These outcomes were re-iterated in this thesis’s simulated comparative study. 
However, practical uses of the concept design were limited by its applicability to various 
vertebral morphologies. Thus, a custom expansion mechanism and holding tool were 
conceived allowing implant intra-operative height adjustment. The final implant design 
was then modeled under CATIA V5, machined, then tested on analogous saw bone 
vertebrae to confirm feasibility of the custom expansion mechanism, holding tool, and 
insertion method. 
Following this in situ feasibility test, in vivo trials on immature pigs confirmed, via the 
inverse approach, the intended growth modulation achieved via this novel device (Section 
3.2 and article 1). The experimental trials revealed the implant was capable of achieving 
local vertebral wedging reaching 18° with no evidence of implant dislodgment or 
loosening. Interestingly, cumulative vertebral wedging amounted to >45° with 24° Cobb 
angle, a clear indication of reversed disc wedging as a compensatory physiological 
response, as previously discussed and in-line with previous hemi-staple [190] and anterior 
tether [184] findings. Nonetheless, the promising outcomes of the current in vivo trial may 
be outweighed by excessive concave stresses had the implant been tested under the 2-
step approach. As previously demonstrated in our investigational simulations, the 
corrective influence of the dual-epiphyseal staple was less prominent than its inducing 
effect, yet with apparent curvature correction. A complementary study should be 
conducted on already deformed pig spines to conclusively demonstrate the expected in 
vivo correction using this novel implant and further determine the type and extent of 
curvatures the dual-epiphyseal device is best tailed to correct.  
The dual-epiphyseal staple succeeded at creating more than twice the growth modulating 
effect than the hemi-staple and confirmed hypothesis 2. More specifically, the new device 
was fixed using 2 screws (upper and lower screws) locally. This fixation method ensured 
a rigid attachment, and thus, eliminating relative motion between the implant pieces. Pig 
vertebrae typically grow 3.4 mm over 12 weeks, which corroborates with 4.0 ± 0.8mm 
vertebral height differences measured experimentally and confirming full vertebral growth 
restraint. Unlike the dual-epiphyseal device, the hemi-staple trials indicated relative, but 
small, hinge effect as vertebrae grow due to its mono-screw fixation. Furthermore, as per 
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previous recommendations, the new device’s prong was thinner than its predecessor to 
ensure localized targeting of the IVD/vertebra interface (IVD/subchondral bone interface 
in pigs). Such design modification, along with the surgeon’s experience, resulted in 
consistent device insertion. In some cases, specially at the proximal vertebrae with limited 
insertion space, prongs seemed to penetrate the disc under fluoroscopic imaging but did 
not hinder the outcomes of this study as no visible damage was observed. Additionally, 
although the selected screws ensured adequate osteointegration, future screws with large 
pitch size should be used, as per the operating surgeon’s recommendations. 
Moreover, current long-term reports indicating disc health degradation following 
maintained compression are unavailable. However, short-term investigations have 
revealed changes in viable cell density, reduced vascularization within the endplates, and 
increased IVD cellular apoptosis [166], [169]. The authors speculated that these 
alterations may lead to disc degeneration resulting from long-term compression with 
unavailable data to support such claims. In our investigation, animals were followed for 3 
months, which, arguably, does not support claims of mitigated disc health degradation. A 
future histological and histomorphometric assessment is required to confirm the IVD’s 
structural integrity and reiterate the added benefit of the localized action of the developed 
implant versus those that span and compress the disc. 
The conducted in vivo trials aimed at assessing the efficacy and functional application of 
the dual-epiphyseal staple. As such, the device’s effectiveness was confirmed with results 
indicating concrete vertebral wedging and spinal deformity. Functionally, the device's 
implantation was proven effortless with successful intra-operative height adjustment and 
screw insertion. However, the device’s biocompatibility was not assessed in this 
investigation. An important aspect to consider revolves around a possible tissue reaction 
following insertion of a foreign object into an in vivo environment. Stainless steel was 
chosen for both the implant and the screws to mitigate these concerns as it was previously 
shown as a biocompatible metal. Notwithstanding, the chosen stainless steel grade may 
not meet medical grade levels; thus, future investigations may require the use of better 
suited materials to reduce risks of inflammatory or immune reactions as per FDA and 
ISO13845 standards. Nonetheless, blood plasma samples were acquired monthly during 
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our animal trial follow-ups and frozen at -80°C in anticipation of cytotoxic or 
inflammatory/immune responses analyses. 
Moreover, the device was designed to also act as a force-controlled local implant (Section 
3.1), yet, this functionality was not tested in our trials. A decision was made to omit 
machining details required to insert a hyper-elastic ligament between implant pieces to 
minimize costs for this first animal trial. Theoretically, the device may be targeted for 
smaller progressive scoliotic curves by pre-calculating the force required to achieve the 
desired growth modulation aimed at re-establishing a normal vertebral morphology. The 
force-controlled approach should be simulated using the developed pFEM to assess its 
feasibility before initial in vivo trials, thus granting localized force-controlled growth 
modulation without spanning the disc. Additionally, the device was conceived to be 
inserted, independently, on each growth plate should the need arise. This characteristic 
was tested on Sawbone vertebrae but our experimental trials did not require such resort. 
Furthermore, the dual-epiphyseal staple was conceived to act locally without imposing 
mechanical compression on segmental motion segments. Theoretically, spinal mobility 
should be maintained. Preliminary manual bending of the excised spines showed 
maintained mobility, yet, admittedly, difficult to distinguish on fluoroscopic imaging. The 
spines were harvested, embedded in neutral buffer formalin (NFB), then transported to 
CHU Sainte-Justine for assessment. Although exposure to NFB was limited to less than 
24 hours, the solution is a tissue fixative and may resulted in stiffening the spinal segment. 
Future bending should be conducted prior to fixating in NFB, ideally with animals sedated, 
to confirm maintained mobility. 
Fibrous tissue formation over the implant region was noticed during dissection. Although 
not identifiable via radiographic PA nor LAT images, the tissue formation was evident after 
µ-CT scans. The tissue resembled callus formed at bone healing sites following fracture 
[58]. Similar tissue deposition was observed with the hemi-staple experiments with no 
macroscopic changes to vertebral bone morphology. Nonetheless, instrumented 
vertebrae (and their normal counterparts) were scanned using a µ-CT for future analysis 
of bone architecture at implant site. Furthermore, scanned samples were then fixed in 
MMA for future histological analysis to assess growth rate, growth plate and intervertebral 
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disc health, as well as signs of tissue degradation and fibrous tissue formation at implant 
prong insertion sites. 
Although no detailed analysis of µ-CT scans was performed in this thesis work, preliminary 
observations revealed pig vertebral peripheral growth was not halted. The outer vertebral 
wall shaped itself to the implant’s geometry, indicating the vertebral body grew onto the 
implant. This suggests that pig peripheral growth, at the age they were experimented on, 
was still present. The scans were acquired after sacrifice; thus, the temporal aspect of this 
peripheral growth cannot be documented, nevertheless, determine whether it was still 
ongoing at extraction time point. Nonetheless, this phenomenon should be accounted for 
when testing new implants on pigs and interpret the experimental outcomes in the light of 
this bone behaviour as humans vertebral body peripheral growth is seized at 10-12y of 
age [66]. A temporal documentation of peripheral growth via 3D CT reconstruction can be 
established and perhaps included in the model. 
Micro-CT imaging additionally revealed signs of bone loss at implant insertion sites. These 
may have occurred secondary to tissue injury following surgery or stress shielding under 
the implant prong. Shielding could have resulted from rigidly fixing the implant, locally. 
Thus, segmental loads transmitted from adjacent vertebrae would be resisted, locally, by 
the higher stiffness of the implant compared to bone, and thus, shielding bone around the 
implantation site. Such occurrence was noted with calculated growth plate stresses in our 
comparative simulations. Further bone quality and architecture, and histological analyses 
would elucidate the origin of observed bone loss.  
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 
This thesis aimed at developing a novel porcine spine finite element model as an 
alternative testing platform to better understand the mechanisms by which new implants 
correct spinal deformities prior to proceeding towards experimental trials and transfer the 
acquired knowledge to human applications. Additional work led to the development of a 
new dual-epiphyseal implant addressing short-comings of currently and commonly tested 
devices. 
The new pFEM readily demonstrated its ability to reproduce experimental results either 
for scoliosis-like curve induction models, correcting such induced deformity, or replicating 
implant growth modulation via the inverse approach. The pFEM development and 
verification phase replicated expected outcomes within hypothesized thresholds for Cobb 
angle, vertebral wedging, and axial rotation. Additional simulations with different 
experimentally tested implants and their design modifications would further verify and 
validate the pFEM as an alternative fusionless implant design optimization platform prior 
to final in vivo trials and transferring collected understanding to clinical applications. 
The developed pFEM was further explored to assess differences between commonly used 
experimental fusionless implant testing approaches. Comparative simulations confirmed 
differences between the inverse and the 2-step approaches with the former exaggerating 
expected growth modulation from newly conceived implants. The simulated devices 
further demonstrated that, for the same instrumented levels, deformity correction is 
outweighed by the excessive concave growth plate stresses. It was highlighted that new 
implants should be tested under the 2-step approach to better understand their expected 
biomechanical and growth manipulation correction as it best mimics the expected 
corrective outcome when transposed to human clinical trials.  
Comparative simulations also demonstrated an affirmative potential of the developed 
pFEM in outlining differences between implant designs. The conducted simulations 
revealed shortcomings between implants and their mode of application, an investigation 




The biomechanical contribution of the ribcage in fusionless surgery was further highlighted 
via the pFEM. Simulations showed that, by excluding the ribcage, growth plate stresses 
were shifted towards the concavity of the deformity due to the reduced stiffness in the 
thoracic region. The ribcage’s role in stabilizing the spine was further demonstrated. The 
investigational study underlined the importance of including the ribcage in future 
simulations. Moreover, new implants should account for the thorax’s biomechanical input, 
specially if those intend to manipulate the ribs and directly impact the global aspect of the 
spine. 
A new dual-epiphyseal device with a cutting-edge expansion mechanism demonstrated 
its ability to manipulate vertebral growth via the inverse approach. The device achieved 
substantial vertebral wedging and global deformity, which was outweighed by reversed 
disc wedging. Experimental trials via the 2-step approach are advised to further affirm the 
device can achieve local and global deformity correction, as was highlighted using the 
pFEM. Additionally, future analyses are required to confirm preservation of disc health 
and bone quality. 
The conceived implant offered promising results that can be explored for the early 
treatment of progressive deformities in the growing spine. The device did not affect 
vertebral rotation, thus, clinical applications are tailored for curves exhibiting modest 
rotations. Supplementary experimental trials with a larger number of animals and protocol 
modification to include the 2-step approach would further affirm the added benefit of the 
device in a clinical setup. 
Although detailed µ-CT and histological analyses were not performed, data will be 
transferred to a new Master’s project. Bone micro-architectural parameters and bone 
mineral density analyses will be used to quantify regional bone variations possibly caused 
by the implant. Scans may also be used to describe the three dimensional shape and 
variation of the growth plate by detecting empty spaces between the body and 
subchondral bone on sequential sagittal µCT scans. Histomorphometric analyses will 
allow quantifying growth rate and growth modulation, growth plate zonal characteristics, 
and intervertebral disc health. 
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The state-of-the-art porcine spine finite element model was readily capable of reproducing 
expected experimental in vivo. The model can be further explored to conceive and verify 
new implants before resorting for cumbersome experimental trials to facilitate knowledge 
transfer to concrete clinical applications. Furthermore, theories regarding uncertainties or 
differences between treatment or experimental approaches can be tested and evaluated. 
Finally, the dual-staple animal trials demonstrated a promising potential to correct spinal 
deformities in the growing spine without bridging and compressing the intervertebral disc 
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APPENDIX A – SKELETAL GROWTH FEEDBACK LOOP 
Figure A-1 illustrates the elaborate biological feedback loop involved in epiphyseal bone 
growth. Chondrocytes in the lower proliferative zone beginning hypertrophy secret Ihh 
(Indian hedgehog), which signals juxta-articular cells (upper reserve zone) to increase 
PTHrP (Parathyroid hormone-related peptide) production through TGF-𝛽 (transforming 
growth factor 𝛽) secreted by perichondrial cells (1) [60], [63]. Ihh also acts locally by 
stimulating the increase of proliferation rate [63]. The increase in PTHrP is transmitted to 
late proliferating cells that express PTHrP receptor. These latter decrease Ihh producing 
cells (i.e. differentiating chondrocytes), which results in a control of the rate of proliferation 
[60], [63]. Chondrocytes in the lower proliferative zone undergo hypertrophy, a major 
factor contributing to the height gain of the growth plate, with the remainder gain within 
the proliferation and ECM synthesis [60], [64]. The hypertrophic cells then migrate to the 
lower hypertrophic zone and become terminal. At this stage, these apoptotic cells express 
collagen type X and vesicles containing high levels of alkaline phosphatase necessary for 
the calcification process as they constitute scaffolds for hydroxyapatite nucleation (2). 
Apoptotic chondrocytes also produce specialized ECM promoting cartilage calcification 
sites as templates for bone formation by osteoblasts from the vascular invasion zone (3) 
where collagen type X binds to the excreted vesicles, facilitating calcium deposition in the 
matrix. This complex feedback loop is maintained until skeletal maturity as growth 
promoting genes expression reduces with age while growth inhibiting genes increase. 
Growth rate and proliferation diminish resulting in reduced growth plate height due to 
diminished growth plate zonal and hypertrophic chondrocyte heights. Estrogen was found 
to be involved in growth plate closure and fusion at bone maturity [60], [63]. Yet, growth 
genetic, hormonal, and signaling pathways are not completely understood and future 
research will help elucidate involved factors. However, the cyclic process of endochondral 





















APPENDIX B – SCOLIOSIS ETIOLOGY 
Several investigations have attempted to narrow down the source of this spinal deformity 
by proposing theories as to its origin with most contemporary premises explaining its 
contributive and not primary causes. Figure B-1 summarizes the current proposed 
theories explaining the possible etiology pathways, which will be explored in more detail. 
 
Figure B-1 : Current theories of the etiology of scoliosis 
B.1 Genetic and hormonal factors 
As many of common human diseases, several investigators have tried to find the 
underlying genetic aspect of scoliosis. Specifically, first degree relatives are at most risk 
as concordance was observed in 73% of monozygotic and 36% in dizygotic twins 
suggesting a familial multifactorial inheritance pattern [103]. The prevalence was also 
reported as 11%, 2.4%, and 1.4% for first, second, and third degree relatives [104]. Yet, 
the mode of inheritance is not adequately confirmed and responsible genes yet to be 
identified as environmental and lifestyle factors may play a role in the development or 
genetic alterations leading to AIS initiation (such as calcium intake, diets, etc…). In a 
recent study, Patten et al. have identified three protein gene variant of POC5 present in a 











cases. The authors then successfully induced spinal deformity in zebrafish expressing any 
of the 3 (human) variants of POC5 indicating the contribution of the latter to the occurrence 
of IS [105]. Although promising, these findings succeed at indicating IS has genetic 
attributes but does not fully isolate the root cause of the expression of POC5 variants; 
though, its down-regulation may provide encouraging results as an exclusive IS causative 
factor. In another recent investigation, 4 new genes were identified as associated with AIS 
susceptibility; however, the authors conclude that further studies are required to better 
target pre-disposed genes [106]. The overall consensus reflects the important genetic 
aspect of AIS with extensive research focused on uncovering the gene(s) associated with 
AIS pre-disposition. 
Hormonal factors have also been investigated as a possible metabolic root cause. 
Melatonin, a hormone secreted by the pineal gland, was extensively studied using animal 
models via removal of the pineal gland (pinealectomy). Scoliosis was consistently 
produced in pinealectomized chicken [107] and bipedal rats [108]; however, the pattern 
was not reproduced in quadrupedal rats nor nonhuman primates [109]. Additionally, 
scoliosis progression persisted in melatonin injected chicken after pinealectomy. These 
findings suggest melatonin deficiency may act differently between primate and small 
animals suggesting melatonin signaling pathways may be more important than melatonin 
levels [110], [111]. Conversely, no significant changes in melatonin levels were found in 
AIS patients [112], [113] with no link between melatonin levels and AIS progression [114]. 
Thus, these conflicting findings reflect the speculative role of melatonin signaling 
pathways as secondary factors with the exact role of melatonin and its signaling pathways 
requiring further in-depth research. Calmodulin was also investigated as it exhibits two 
properties: it is a second messenger of melatonin and it regulates contractile properties 
of muscles and platelets. As such, this molecule may mediate paraspinal muscle 
contractions and it was found that calmodulin distribution in the convex was higher than 
the concave paraspinal muscles in AIS [115]. Moreover, it was shown that platelet 
calmodulin levels were associated with curve progression in AIS with brace stabilization 




B.2 Connective tissue and nervous system 
Scoliosis development in connective tissue disorders suggest possible relation to soft 
tissue health (e.g. Marfan’s syndrome) [104]. Moreover, intervertebral disc collagen fiber 
and proteoglycan changes were sometimes observed but not always consistent. 
Concave/convex muscles fibers asymmetry and elastic fiber change in AIS skin and 
ligaments are indicative of connective tissue disorder. However, speculations as to the 
secondary role of these changes may be warranted as no genetic association to collagen 
type I and II and elastin structural gene were noticed. 
Further indications of regional brain and vestibular system volume differences were 
observed between AIS and normal [117]. Experimentally, scoliosis was induced in 
primates following spinal cord damage [118]. Spinal damage caused visual and 
proprioceptive functional impairment which may be associated with spinal alignment offset 
causing balance disruptions, and thus, resulted in scoliotic deformity secondary to an 
already exiting spinal misalignment. In a well-written review, Hawasli et al. have 
summarized an established link between vestibular anomalies and scoliosis; however, 
their review does not pin a causative association rather a secondary or compensatory 
response [117].  
B.3 Skeletal growth and biomechanical factors 
Relative anterior spinal overgrowth has been postulated as a causative factor. AIS 
patients had longer vertebral body heights, shorter pedicles, and larger interpedicular 
space suggesting anterior overgrowth [119]. Although hypothesized as etiological, this 
theory is arguably pathomechanistic as shown through numerical simulations where 
anterior overgrowth linked with lower IVD stiffness and gravitational loads resulted in 
progressive scoliosis in pre-existing spinal curvatures [120]. Moreover, girls with 
progressive curves showed lower bone mineral densities (BMD) compared to non-
progressive, with unchanged BMD levels following brace treatment [121]. Likewise, AIS 
patients displayed lower BMD then age matched normal girls [103], [122], [123]. 
Nevertheless, these findings are associated with the progression rather than initiation of 
IS as no underlying source of low BMD has been found to date.  
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Biomechanical factors were believed to play a role in the etiology of scoliosis through 
irregular concave/convex loads (by-products of skeletal asymmetry). However, it is the 
etiology of this asymmetry that still eludes researchers, rendering biomechanical effects 
more of a pathomechanism factor. Numerous computational models have been 
developed supporting this pathomechanical hypothesis [34], [124]–[127]. 
Thus far, the etiology of idiopathic scoliosis is yet to be uncovered; however, countless 
research suggests IS is a multifactorial disease revolving around a complex interaction 
between genetic, biochemical, and biomechanical aspects. The following section will 
rather focus on understanding current concepts linked to the pathomechanism of scoliosis 
and the underlying mechanical or structural factors involved in its progression as most 
etiology theories succeed at attributing hypothesis as secondary to an unknown initiating 





APPENDIX C – THREE DIMENSIONAL RECONSTRUCTION OF THE 
SPINE 
C.1 3D reconstruction 
Scoliosis is evaluated by means of biplanar radiographs to assess the severity of the 
deformity in the coronal and sagittal planes. Biplanar radiographic 3D reconstruction is 
predominantly explored to study the multi-planar geometric aspect of the deformed spine. 
Figure C-1 illustrates a procedural schematic for 3D reconstruction from biplanar 
radiographs. 
 
Figure C-1: Schematic of the procedure for biplanar spinal 3D reconstruction 
First, radiographs are acquired in the Posterior-Anterior and Lateral views. The images 
are then calibrated via different techniques followed by geometric transformations of 2D 
landmarks to their 3D coordinates. 
The biggest challenge resides within the calibration procedure with increasing attention 
towards automation. Early techniques relied on an implicit approach using a Direct Linear 
Transform (DLT) algorithm with a fixed calibration object of known 3D coordinates. Briefly, 
implicit calibration requires prior knowledge of the imaging setup parameters (distance 
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positioned on a platform between 2 acrylic sheets with embedded steel marbles of known 
3D coordinates (expressed in a global coordinate system). Radiographs are then taken in 
PA and LAT. Using DLT, Mi (transformation matrix) is then calculated from the 2D 
projection of the known 3D coordinates of the steel marbles in PA and LAT (Figure C-1) 
[198]–[200]. The transformation is then applied to the 2D coordinates of anatomical 
landmarks in each radiograph to obtain their respective 3D coordinates. 
The DLT calibration method presents several shortcomings. The reconstructed geometry 
is highly sensitive to patient’s motion between radiographic planes. As the platform and 
calibration marbles are fixed, patient’s motion increases reconstruction error. Additionally, 
the calibration technique requires objects of known 3D spatial coordinates, spanning the 
entirety of the region of interest. Points outside the calibration object are prone to 
extrapolation errors.  
Another calibration algorithm includes explicit descriptors of the radiographic setup, thus 
eliminating the need for a stationary calibration object and knowledge of radiographic 
setup. An object of known dimensions defines a reference plane. The 3D spatial 
coordinates of the object are no longer needed allowing for a mobile calibration setup 
(Figure C-2). Explicit calibration algorithm is based on a non-linear cost function 
minimizing the distance between observed and computed projections while changing the 
geometric descriptors of the radiographic setup [200]. The inherent benefits of explicit 
calibration is its ease of implementation with use of a calibration vest. Yet, this method 
still requires an external fixed object to establish a 3D global reference frame, with 





Figure C-2: Calibration vest and belt for explicit calibration 
A calibration belt (Figure C-2) improved upon the calibration approach as it eliminates the 
need for a fixed external object. The reference plane is defined using the planar belt’s 
coordinates. Weak-perspective is then used to estimate the distance between the image 
and the source, and thus, provide an initial estimate of geometrical parameters. The 
determined anatomical landmarks are reconstructed in 3D, then retro-projected on the PA 
and LAT radiographs using calculated projection matrices. Non-linear minimization 
reduces the error between retro-projected and initial landmarks with geometric 
parameters updated until the cost function is respected [201]. The procedure reduces 
errors from patient’s motion between radiographs as the reference plane is defined by the 
wearable belt. However, the method is error-prone to the initial landmark identification, 
requiring a well-rounded operator. Anatomical landmarks were also proposed to eliminate 
the need for a calibration object. Using explicit calibration and minimization of retro-
projected landmarks, the method is useful when the calibration object is undetectable on 
the acquired images. However, the scaling factor is not accounted for and typically 
required a small object of known dimensions, such as a screw or large marble, to establish 
a reference scale factor. Moreover, reconstruction errors increase for regions outside 
initially identified landmarks [202].  
Each of these methods transforms the 2D coordinates of the selected vertebral landmarks 
and reconstruct their 3D coordinates. Seventeen vertebral, 21 on the pelvis, and 11 




spine, thorax, and pelvis. A visual representation can be obtained by deforming primitives 
on high resolution CT scans reference anatomical structures through a process of dual-
kriging to match 3D anatomical landmarks identified via the reconstruction technique. 
Reconstruction errors are in the order of 3 mm, with the largest error lying in reconstructing 
the posterior vertebral structures. 
Another promising method ventures towards automatic calibration by using geometric 
shape descriptors, the vertebral bodies, to automatically recover vertebral contours via 
partial differential equation filtering. A silhouette of the vertebral bodies is then obtained 
in PA and LAT from which a visual hull 3D reconstruction is obtained with detection of the 
location and orientation of vertebral bodies. However, application of the method is prone 
to patient’s motion between acquisitions[203]. 
The aforementioned methods require traditional radiographs; thus, exposing patients to a 
high dose of radiation. A low dose x-ray image machine, namely EOS, was developed 
[204]. Simultaneous biplanar low dose, calibrated radiographs of the entire body are 
acquired. Using SterEOS software, generic anatomical structures are then deformed and 




APPENDIX D – HISTOMORPHOMETRIC OBSERVATIONS 
Currently, samples are fully polymerized but no analyses were performed. However, the 
following summarizes the prospective investigations for the polymerized samples. First, 
cut and grind method will be performed on the MMA embedded segments to trim at 
desired form-factors. Here, the intervertebral discs within the instrumented and internal 
control regions along with super and subjacent vertebral cuts will be extracted from 
instrumented and control samples (Figure D-1). Using a microtome, two 5 µm mid-coronal 
slices will be extracted 30 µm apart. Slices will then be stained using Safranine O to 
highlight the growth plate. Thus, hypertrophic zone and cell heights can be measured 
under optical microscopy set at 10 and 20 magnification, respectively, and via in-house 
custom algorithms. The procedure is well documents in previously published work [84], 
[191] (Figure D-1, B & C). Additional slices (5 µm thick and 30 µm apart) will be sampled 
and treated for type X collagen. Using an in-house protocol, type X collagen staining will 
be attained using a monoclonal antibody anti-collagen X for immunoperoxydase labelling 
followed by hematoxylin processing to highlight cellular content [191]. Type X collagen 
content reflects growth plate health sustainability [60], [228]. Finally, the intervertebral disc 
health will be assessed based on histological grading schemes quantifying the degree of 
nucleus necrosis and annulus fibre organization [229].  
 
Figure D-1: A) Illustration showing extraded regions of interest (Shaded boxes). B) Calcein 
marker frontlines. C) Hypertrophic columnar and chondrocyte heights. 
Calcein, a fluoroescent marker, was injected 7 and 1 prior to animal sacrifice. These two 
injection time-points aid at visualizing calcein marker frontlines under fluorescent light. As 
such, growth rate changes is determined by measuring the distance between the marker 
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frontlines and dividing by the time interval between injections. This additional information 
will establish and quantify the growth modulating effect of the implant both ipsi- and contra-




APPENDIX E – CUSTOM SLING FOR STANDARDIZED RADIOGRAPHS 
Some of the challenges involved in experimental medical imaging is standardized 
positioning between the postero-anterior and lateral views. In a clinical context, bi-planar 
radiographs are acquired by positioning the patient on an operating table and rotating the 
x-ray source between views. Similarly, conscious patients are asked to stand still while 
the x-ray source is rotated between views or, more traditionally with fixed source, patients 
typically turn 90 degrees while maintain the same posture as feasibly as possible. Thus, 
bi-planar 3D reconstructions can be performed as spinal shape changes are minimal 
between views. Yet, imaging is not standardized in experimental investigations. 
Investigators focus on quantifying changes within the coronal plane with little regard to 
sagittal plane modifications. Generally, animals are sedated and placed prone with limbs 
stretched forward and backwards for the postero-anterior radiograph then replaced on 
their lateral side for the side radiograph. These manipulations may alter the spinal form 
as it was evidenced that prone positioning under anesthesia results in 37% thoracic curve 
correction with flattening of the kyphosis and lordosis in human adolescent scoliotic spines 
[230]. With similar spinal biomechanics, it is expected that porcine spines behave similarly 
in prone positioning as the sagittal profile flattens and “stretches” the coronal deformity (if 
any exists). Nevertheless, published experimental works generally omit imperative details 
as to animal manipulation during x-ray imaging. To address this issues and to standardize 
the imaging protocol in our in vivo investigation, a custom sling was designed and a 
rudimentary prototype was hand fabricated (Figure E-1). In short, the sling consisted of a 
abdomen, sternum, and head resting clothes which slide independently along 2 aluminum 
hallow bars. The sternum resting clothe acted as an adjustable harness to support the 
chest area while also allowing for hand the front limbs to mimic, as closely as possible, 
the natural spine shape even under anesthetics. Furthermore, each clothe has a 
secondary opening to insert the metal rods for larger animals and eliminate rod x-ray 




Figure E-1: Custom sling design (Left) and actual prototype (Right) 
Finally, since no repositioning is performed between bi-planar views, a calibration plate 
(Figure E-1) was used to reconstruct the spine using bi-planar retro-projections [199]. 
Thus, 3D visualization of vertebral body changes can be evaluated over the study period. 
Preliminary reconstructions were performed; however, results are not presented within 
the context of this thesis work. All pigs in the dual-epiphyseal trials underwent x-ray 
imaging using the custom sling and calibration plate. The sagittal profile was measure 
between T6-T12 in all animals and showed comparable values between animals over 3 
months follow-up with no variation over time (Figure E-2). Although no published data is 
available to obtain a direct comparison of the expected range in sagittal alignment of 
normal pigs, the measured values were within reported control animals using conventional 
imaging. Further experiments using this new sling may establish reference sagittal profiles 
as closely replicating normal quadrupedal stances. Reconstructing the imaged spines 




Figure E-2: Sagittal instrumented region angles for all pigs in the dual-epiphyseal trial 
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